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(54) TiUc: TREATMENT MEITHOD OF CLEAVED FILM TOR THE MANUFACTURE OF SUBSTRATES 
(57) Abstract 



A method for treating a film of material, 
which can be defined on a substrate (10), e.g.. 
silicon. The method includes providing a sub- 
strate (10) comprising a cleaved surface (12), 
which is characterized by a predetermined sur- 
face roughness value. The substrate (10) also 
has a distribution of hydrogen bearing particles 
(22) defined from the cleaved surface (12) to 
a region underlying said cleaved surface (24). 
The method also includes increasing a temper- 
ature of the cleaved surface (12) to greater than 
about 1000 Degrees Olsius while maintaining 
the cleaved surface (12) in a etchant bearing 
environment to reduce the predetermined sur- 
face roughness value by about fifty percent and 
greater. Preferably, the value can be reduced 
by about eighty or ninety percent and greater, 
depending upon the embodiment. 
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TREATMENT METHOD OF CLEAVED FILM FOR THE MANUFACTURE OF 

SUBSTRATES 

BACKGROUND OF THE INVENTION 
The present invention relates to the manufacture of objects. More 
particularly, the present invention provides a technique for improving surface texture or 
surface characteristics of a film of material, e.g., silicon, silicon germanium, or othere. 
The present invention can be applied to treating or smoothing a cleaved film from a layer 
transfer process for the manufacture of integrated circuits, for example. But it will be 
recognized that the invention has a wider range of applicability; it can also be applied to 
smoothing a film for other substrates such as muhi-layered integrated circuit devices, 
three-dimensional packaging of integrated semiconductor devices, photonic devices, 
piezoelectronic devices, microelectromechanical systems ("MEMS*'), sensors, actuators, 
solar cells, flat panel displays (e.g., LCD, AMLCD), doping semiconductor devices, 
biological and biomedical devices, and the like. 

Integrated circuits are fabricated on chips of semiconductor material. 
These integrated circuits often contain thousands, or even millions, of transistors and 
other devices. In particular, it is desirable to put as many transistors as possible within a 
given area of semiconductor because more transistors typically provide greater 
functionality, and a smaller chip means more chips per wafer and lower costs. Some 
integrated circuits are fabricated on a slice or wafer, of single-crystal (monocrystalline) 
silicon, commonly termed a "bulk** silicon wafer. Devices on such "bulk** silicon wafer 
typically are isolated from each other. A variety of techniques have been proposed or 
used to isolate these devices from each other on the bulk silicon wafer, such as a local 
oxidation of silicon ("LOCOS") process, trench isolation, and others. These techniques, 
however, are not free from limitations. For example, conventional isolation techniques 
consume a considerable amount of valuable wafer surface area on the chip, and often 
generate a non-planar surface as an artifact of the isolation process. Either or both of 
these considerations generally limit the degree of integration achievable in a given chip. 
Additionally, trench isolation often requires a process of reactive ion etching, which is 
extremely time consuming and can be diflicult to achieve accurately. 
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An approach to achieving very-large scale integration ("VLSI") or ultra- 
large scale integration ("ULSI") is by using a semiconductor-on-insulator ("SOI") wafer. 
An SOI wafer typically has a layer of silicon on top of a layer of an insulator material. A 
variety of techniques have been proposed or used for febricating the SOI wafer. These 
techniques include, among others, growing a thin layer of silicon on a sapphire substrate, 
bonding a layer of silicon to an insulating substrate, and forming an insulating layer 
beneath a silicon layer in a bulk silicon wafer. In an SOI integrated circuit, essentially 
complete device isolation is often achieved using conventional device processing methods 
by surrounding each device, including the bottom of the device, with an insulator. An 
advantage SOI wafers have over bulk silicon wafers is that the area required for isolation 
between devices on an SOI wafer is less than the area typically required for isolation on a 
bulk silicon wafer. 

SOI offers other advantages over bulk silicon technologies as well. For 
example, SOI offers a simpler fabrication sequence compared to a bulk silicon wafer. 
I>evices fabricated on an SOI wafer may also have better radiation resistance, less photo- 
induced current, and less cross-talk than devices fabricated on bulk silicon wafers. Many 
problems, however, that have already been solved regarding fabricating devices on bulk 
silicon wafers remain to be solved for fabricating devices on SOI ^yafers. 

For example, SOI wafers generally must also be polished to remove any 
surface irregularities from the film of silicon overlying the insulating layer. Polishing 
generally includes, among others, chemical mechanical polishing, conunonly termed 
CMP. CMP is generally time consuming and expensive, and can be difficult to perform 
cost efficiently to remove surface non-unifomiities. That is, a CMP machine is expensive 
and requires large quantities of slurry mixture, which is also expensive. The slurry 
mixture can also be highly acidic or caustic. Accordingly, the slurry mixture can 
influence fimctionality and reliability of devices that are fabricated on the SOI wafer. 

From the above, it is seen that an improved technique for manufacturing a 
substrate such as an SOI wafer is highly desirable. 

SUMMARY OF THE INVENTION 
According to the present invention, a technique for treating a film of 
material is provided. More particularly, the present invention provides a method for 
treating a cleaved surface and/or an implanted surface using a combination of thermal 
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treatment and chemical reaction, which can form a substantially smooth film layer from 
the cleaved surface. 

In a specific embodiment, the present invention provides a method for 
fabricating a substrate, e.g., silicon, siticon-on-insulator, silicon-on-siUcon, and many 
others. The method includes providing a donor substrate comprising an upper surface. 
The method also includes introducing a plurality of particles (e.g., hydrogen, mixtures of 
hydrogen, helium/hydrogen, halogen/hydrogen) through the upper surface and into the 
donor substrate to a selected depth beneath the upper surface to define a thickness of 
materia] of the donor substrate defined from the upper surface to the selected depth. The 
plurality of particles are defined by a distribution along the selected depth, which ranges 
from a greater or maximum value to a reduced value. Next, energy is introduced to the 
donor substrate to initiate a cleaving action to free the thickness of material from the 
donor substrate to define a cleaved surface from the donor substrate. The cleaved surface 
has a surface roughness of a predetermined value, which is generally undesirable. The 
surface also has a portion of the distribution of the plurality of particles defmed therein. 
The method also includes applying thermal treatment and an etchant (or deposition 
materia] or combination of etchant and deposition material) to the cleaved surface and the 
portion of the distribution of the plurality of particles to reduce the surface roughness 
from the predetermined value. 

In an alternative embodiment, the present invention provides a 
semiconductor substrate. The substrate includes a cleaved surface, which is characterized 
by a predetermined surface roughness value. A distribution of hydrogen bearing particles 
are defined from the cleaved surface to a region underlying the cleaved film^ The 
distribution of hydrogen particles assist in surface treatment of the cleaved film during 
subsequent heat treatment processes or the like. The substrate can be a semiconductor 
substrate as well as other types of substrates. 

In a specific embodiment, the present invention provides a method for 
forming a semiconductor substrate. The method includes fomfiing a first porous silicon 
layer on at least one surface of a silicon substrate; and forming a second layer having a 
larger porosity than the first porous silicon layer at a constant depth from a surface of the 
porous silicon in the first porous silicon layer. The second layer forming step comprising 
implanting ions into the first porous silicon layer with a given projection range. The 
method also includes bonding the non-porous layer and a support substrate together. 
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Next, the method includes a step of separating the silicon substrate into two portions at 
the second layer to remove the porous silicon layer exposed on a surface of the support 
substrate and exposing the non-porous layer. The method includes smoothing the non- 
porous layer by subjecting surface(s) of the non-porous layer using an ctchant species 
(e.g., HCl) and thermal treatment. The present substrate can be maintained at 1 
atmosphere in some embodiments. 

In a specific embodiment, the present invention provides a novel process 
for smoothing a surface of a separated film. The present process is for the preparation 
of thin semiconductor material fibns. The process includes a step of implanting by ion 
boiiibardtaient of the face of the wafer by means of ions creating in the volume of the 
wafer at a depth close to the average penetration depth of the ions, where a layer of 
gaseous microbubbles defines the volume of the wafer a lower region constituting a 
majority of the substrate and an upper region constituUng the thin film. A temperature of 
the wafer during implantation is kept below the temperature at which the gas produced by 
the implanted ions can escape fiom the semiconductor by diffusion. The process also 
includes contacting the planar face of the wafer with a stiffener constituted by at least one 
rigid material layer. The process includes treating the assembly of the wafer and the 
stififener at a temperature above that at which the ion bombardment takes place and 
adequate to create by a crystalline rearrangement effect in the wafer and a pressure effect 
in the microbubbles to create separation between the thin film and the majority of the 
substrate. The stifFener and the planar face of the wafer are kept in intimate contact 
during the stage to free the thin fihn from the majority of the substrate. The method also 
includes applying a combination of thermal treatment and an etchant to the thin film to 
reduce a surface roughness of the thin fihn to a predetermined value. 

Numerous benefits are achieved by way of the present invention over 
preexisting techniques. For example, the present invention provides an efficient 
technique for forming a substantially uniform surface on an SOI wafer. Additionally, 
the substantially uniform surface is made by way of common hydrogen treatment and 
etching techniques, which can be found in conventional epitaxial tools. Furthermoie. 
the present invention provides a novel uniform layer, which can be ready for the 
ii»ami&aure of integrated circuits. The present invention also relies upon standard 
fiibrication gases such as HCl and hydrogen gas. In preferred embodiments, the present 
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invention can improve bond interface integrity, improve crystal stnicmre. and reduce 
defects in the substrate simultaneously during die process. Depending upon the 
embodiment, one or more of Uiese benefits is present. These and other advantages or 
benefits are described throughout the present specification and are described more 
particularly below. 

These and other embodiments of the present invention, as well as its 
advantages and features are described in more detail in conjunction with the text below 
and attached Figs. 



BRIEF DESCRIPTION OF THE DRAWINGS 
Kgs. 1-11 are simplified diagrams Ulustrating a controlled cleaving 
technique according to an embodiment of the present invention; and 

Figs. 12-16 are simplified cross-sectional view diagrams iUustrating a 
method of forming a silicon-on-insulator substrate according to the presem invention. 

Figs. 17A to 17D are schematic diagrams for explaining a semiconductor 
substrate producing process according to an embodiment of the present invention; 

Figs. 18A to 18G are schematic diagrams for explaining a semiconductor 
substrate producing process according to an embodiment of the present mvention; 

Figs. 19A to 19F are schematic diagrams for explaining a semiconductor 
substrate producing process according to an embodiment of the present invention; 

Figs. 20A to 20E are schematic diagrams for explaining a semiconductor 
substrate producing process according to an embodiment of the present invention; 

Figs. 21A to 21G are schematic diagrams for explaining a semiconductor 
substrate pfodttdng process according to an embodiment of the present invention; 

Figs- 22A and 22B are schematic diagrams for explaining a 
semiconductor substrate producing process according to an embodiment of the present 
invmtion; and 

Figs. 23A and 23B are simplified side-view diagrams of anodization 
systems according to an embodiment of die present invention 
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Fig. 24 is a simplified diagram of a concentration profile of the hydrogen 
ions as a fiinction of the penetration depth according to an embodiment of the present 
invention; 

Fig. 25 is a simplified diagram of a monocrystalline semiconductor wafer 
5 used in the invention as the origin of the monocrystalline fibn. in section, exposed to a 
bombardment of H + ions and within which has appeared a gas microbubble layer 
produced by the implanted particles; 

Fig. 26 is a simplified diagram of a semiconductor wafer shown in Fig. 25 
and covoed with a stififener; 

* ® P'S- 27 is a simplified diagram of an assembly of the semiconductor wafer 

and the sUffener shown in Fig. 26 at the end of the heat treatment phase, when cleaving 
has taken place between the film and the substrate mass; 

Fig. 28 is a simplified diagram of a removed fihn attached to a stififener 
according to an embodiment of the present invention; and 

Fig- 29 is a simplified diagram of a smoothed fihn attached to a stififener 
according to an embodiment of the present invention 

DESCRIPTION OF THE SPECIFIC EMBODIMENT 
According to the present invention, a techm'que for treating a film of 
material is provided. More particularly, the present invention provides a method for 
20 treating a cleaved surface and/or an implanted surface using a combination of thermal 
treatment and chemical reaction, which can form a substantially smooth film layer from 
the cleaved surface. The invention wiU be bener understood by reference to the Figs, 
and the descriptions below. 

Fig. 1 is a simplified cross-sectional view diagram of a substrate 10 
according to the present invention. The diagram is merely an illustration and should not 
limit the scope of the claims herein. As merely an example, substrate 10 is a silicon 
wafer which mcludes a material region 12 to be removed, which is a thin relatively 
uniform fihn derived from the substrate material. Tlie silicon wafer 10 includes a top 
surface 14, a bottom surface 16, and a thickness 18. Substrate 10 also has a first side 
(side 1) and a second side (side 2) (which are also referenced below m the Figs.). 
Material region 12 also includes a thickness 20, withm the thickness 18 of the silicon 
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wafer. The present invention provides a novel technique for removing the material 
region 12 using the following sequence of steps. 

Selected energetic particles implant 22 through die top surface 14 of the 
silicon wafer to a selected deptfj 24. which defines the thickness 20 of the material 
region 12, termed the thin fihn of material. A variety of techniques can be used to 
implant the energetic particles into die sUicon wafer. These techniques include ion 
implantation using, for example, beam line ion implantation equipment manufacnired 
from companies such as Applied Materials, Eaton Corporation. Varian. and others. 
Alternatively, implantation occurs using a plasma immersion ion implantation ("Pni") 
tedmique. Exanq>les of plasma immersion implantation techniques are described in 
"Recent Applications of Plasma Immersion Ion Implantation," Paul K. Chu, Chung 
Chan, and Nathan W. Cheung. SEMICONDUCTOR INTERNATIONAL, pp. 165-172. 
June 1996. and "Plasma Immersion Ion Implantation - A Fledgling Technique for 
Semiconductor Processing,". P.K. Chu. S. Qin, C. Chan, N.W. Cheung, and L.A. 

15 Larson, MATERIAL SCIENCE AND ENGINEERING REPOR-re. A Review Journal, 
pp. 207-280, Volume R17, Nos. 6-7, (Nov. 30, 1996), which are both hereby 
incorporated by reference for all purposes. Furthermore, implantation can occur using 
ion shower. Of course, techniques used depend upon the application. 

Dc9)ending upon the application, smaller mass particles are generally 
20 selected to reduce a possibility of damage to the material region 12. That is. smaUer 
mass particles easily travel through the substrate material to die selected depdi without 
substantially damagiiig the material region tiiat die particles traverse tiirough. For 
example, the smaUer mass particles (or energetic particles) can be ahnost any charged 
(e.g., positive or negative) and/or neutral atoms or molecules, or electrons, or die like. 
In a specific embodiment, die particles can be neutral and/or charged particles including 
ions such as ions of hydrogen and its isotopes, rare gas ions such as helium and its 
isotopes, and neon. The particles can also be derived from compounds such as gases, 
e.g., hydrogen gas, water vapor, metiiane, and hydrogen compounds, and odier light 
atomic mass particles. Alternatively, die particles can be any combination of die above 
panicles, and/or ions and/or molecular species and/or atomic species. The particles 
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generally have sufficieni kinetic energy to penetrate through the surface to the selected 
depth underneath the surface. 

In other embodiments, the particles can be introduced by way of 
injection. That is. die particles can be introduced to a selected region of the substrate 
by diffusion. Ahemauvely, the particles can be introduced by a combination of 
implantation and diffusion. Still further, die particles can be larger sized, such as 
silicon or die like. The particles can be smaller and larger sized, depending upon die 
application. The particles can be ahnost any suitable species diat can be effectively 
introduced into die selected region for cleaving purposes. 

Using hydrogen as tbc implanted species into the silicon wafer as an 
example, die implantation process is performed using a specific set of conditions. 
Implantation dose ranges from about 10'* to about 10" atoms/cm\ and preferably die 
dose is greater dian about IC' atomsW. Implantation energy ranges from about 1 
KeV to about 1 MeV . and is generally about 50 KeV. Implantation temperature ranges 
from about -200 to about 600 Degrees Celsius, and is preferably less dian about 400 
Degrees Celsius to prevent a possibility of a substantial quantity of hydrogen ions from 
diffusing out of die implanted silicon wafer and annealing die imphmted damage and 
stress. The hydrogen ions can be selectively introduced into die sflicon wafer to the 
selected depdi at an accuracy of abou +/- 0.03 to +/- 0.05 microns. Of cburse. die 
type of ion used and process conditions depend upon die application. 

Effectively, die implanted particles add stress or reduce fracnire energy 
along a plane parallel to die top sur^ of die substrate at die selected depdi. The 
encigies depend, in part, upon die in^lantation species and conditions. These particles 
reduce a fracture energy level of die substrate at die selected depUi. This allows for a 
controlled cleave along die implanted plane at die selected depth. Implantation can 
occur imder conditions such diat die energy state of substrate at all internal locations is 
insufficient to imtiate a non-reversible fracmre (i.e.. separation or cleaving) in die 
substrate material. It should be noted, however, diat implantation may cause a certain 
amount of defects (e.g.. micro-detects) in die substrate diat can be repaired by 
subsequent heat treatment, e.g., diermal annealing or rapid dieraial annealmg. 
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Fig. 1 A is a simplified particle distribution diagram 250 according to an 
embodiment of the present invention. The diagi^ is merely an example that should 
not limit the scope of the claims herein. One of ordinary skill in die an would 
recognize other variations, modifications, and altematives. The diagram 250 shows 
5 concentration of particles, which is on the vertical axis, against spatial distribution along 
a depth of the substrate, which is on the horizontal axis. As shown, the spatial ^ 
distribution ranges from the top 253 of the substrate to the selected deptf, (zj ,o the 
bottomof the subsdate 257. The concentration distribution is shown by tfie line 251. 
which has a maximum value 253. The maximum value is defined as 259. TTie 
10 maximum value is defined at the selected deptii. Dq,ending upon the embodiment, 
other implant profiles can also be provided. 

Fig. 2 is a simplified energy diagram 200 along a cross-section of the 
implamed substrate 10 according to the present invention. The diagram is merely an 
iMustration and should not limit the scope of die claims herein. The simplified diagiam 
inch«les a vertical axis 201 diat represents an energy level (E) (or additional energy) to 
cause a cleave in the substrate. A horizontal axis 203 represents a depth or distance 
from the bottom of the wafer to the top of the wafer. After implanting particles into die 
wafer, die substrate has an average cleave energy represented as E 205. which is the 
amount of energy needed to cleave the wafer along various cross-sectional regions along 
the wafer deptii. The cleave energy (E^ is equal to die bulk material fracture energy 
(E^ in non-implanted regions. At die selected depti, 20. energy (E^ 207 is lower 
since die implanted particles essentially break or weaken bonds in die crystalline 
structure (or increase stress caused by a presence of particles also contributing to tower 
energy (EJ 207 of die subsnrate) to lower the amoum of energy needed to cleave die 
substrate at die selected deptii. The present invention takes advantage of tiic lower 
eneigy (or increased stress) at die selected depdi to cleave die tiiin film in a controHed 
manner. 

Substrates, however, are not generally free from defects or "weak" 
legions across the possible cleave front or selected depdi zo after die implantation 
process. In diese cases, die cleave generally cannot be controUed. since diey are subject 
to nndom variations such as bulk material non-uniformities. built-in stresses, defects. 
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and the like. Fig. 3 is a simplified energy diagram 300 across a cleave front for the 
implanted substrate 10 having these defects. The diagram 300 is merely an illustration 
and should not limit the scope of the claims herein. The diagram has a vertical axis 301 
which represents additional energy (E) and a horizontal axis 303 which represents a 
5 distance from side 1 to side 2 of the substrate. 4at is. the horizontal axis represents • 
regions along the cleave from of the substrate. As shown, the cleave front has two 
regions 305 and 307 represented as region 1 and region 2. respectively, which have 
cleave energies less than the average cleave energy (EJ 207 (possibly due to a higher 
concentration of defects or the like). Accordingly, it is highly likely that the cleave 
10 process begins at one or both of the above regions, since each region has a lower cleave 
energy than surrounding regions. 

An example of a cleave process for the substrate illustrated by the above 
Fig. is described as follows with reference to Fig. 4. Fig. 4 is a simplified top-view 
diagram 400 of multiple cleave fronts 401 . 403 propagating through die implamed 
substrate. The cleave fronts originate at "weaker" regions in die cleave plane which 
specificaDy inchides regions 1 and 2. The cleave fronts originate and propagate 
randomly as shown by the arrows. A limitaUon with die use of nmdom propagation 
among muWple cleave fronts is the posslbUity of having different cleave fronts join 
along slighUy difieient planes or die possibility of forming cracks, which is described in 
20 more detail below. 

Fig. 5 is a simplified cross-sectional view 500 of a fihn cleaved from a 
wafer having multiple cleave fronts at. for example, regions 1 305 and 2 307. Hiis 
diagiam is merdy an illustration and should not limit die scope of die claims herein. As 
shown, the cleave from region 1 joined widi die cleave from region 2 at region 3 309 
which is defined along slighUy different planes, may imtiate a secondary cleave or crack 
311 along die fihn. Depending upon the magnitude of die difference 313. die fihn may 
not be of sufficiem quality for use in manufacmre of substrates for integrated circuits or 
odier applications. A substrate having crack 31 1 generally camiot be used for 
processing. Accordingly, it Is generally undesirable to cleave a wafer using multiple 
fronts in a random manner. An example of a technique which may form multiple 
cleave fronts in a random mamier is described in U.S. Patent No. 5.374.564. which is 
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in the name of Michel Bniel ("Brue]-), and assigned to Commissariat A TEnergle 
Atomique in France. Bniel generally describes a technique for cleaving an implanted 
wafer by global thermal treatment (i.e.. thennally treating the entire plane of the 
implant) using thermally activated diffusion. Global diennal treatment of the substrate 
generaUy causes an initiation of multiple cleave fronts which propagate independenUy. 
In general, Bniel discloses a technique for an -uncontrollable" cleaving action by way 
of initiating and maintaining a cleaving action by a global themal source, which may 
produce undesirable results. Hiese undesirable results inchide potential problems such 
as an imperfect joining of cleave fronts, an excessively rough surface finish on the 
surface of the cleaved material since the energy level for maintaining the cleave exceeds 
the amount required, and many others. The present invention overcomes the formation 
of random cleave fronts by a controlled distribution or selective positioning of energy 
on the implanted substrate. 

Fig. 6 is a simplified cross-sectional view of an implanted substrate 10 
15 using selective positioning of cleave energy according to the present invention. Tim 
diagram is merely an illustration, and should not limit die scope of the claims herein. 
Hie implanted wafer undergoes a step of selective energy placement 601 or positioning 
or targeting which provides a controlled cleaving action of die material region 12 at the 
selected depth 603. In preferred embodimenus. selected energy placemem 607 occurs 
20 near an edge or comer region of the selected depdi 603 of substrate 10. The impulse 
(or impulses) is provided using energy sources. Examples of sources include, among 
odieis. a chemical source, a mechanical source, an electrical source, and a thermal sink 
or source. The chemical source can inchide a variety such as particles, fluids, gases, or 
liquids. These chemical sources can also include chemical reaction to increase stress in 
25 the material region. The chemical source is introduced as flood, time-varying, spatially 
varying, or continuous. In other embodiments, a mechanical source is derived from 
rotational, translational, compressional. expansional. or ulttasonic energies. The 
mechanical source can be introduced as flood, time-varying, spatially varying, or 
continuous. In further embodiments, the electrical source is selected from an applied 
30 voltage or an applied electro-magnetic field, which is introduced as flood, time-varying, 
spatially varying, or continuous. In still further embodiments, die Uiermal source or 
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sUk is .elected from ^Matfon. convecdon. or c«ri«=Uon. H.is U^nna. soorc^c^i. 
«Mecled from, among o«.ers. a pbMm beam, a fluid jel. a liquid jei. a gas jet a„ 
elect^/maguetic Held, aa election beam, a themto^ectric l^adng. a ft^ace. and the 
Idee. The dKoMl sit* can be selected from a fltud jet. a liquid jet. a gas je, a 
5 ciyogenic fluid, a supei^Ied liquid, a tbennoH^lectric cooling means an 

ele««,/,n.g,,«ic fleld. and otf»,s. Similar to ptevious embodiments, the thermal 
so-rce is applied as flood, dme-va^ring. spatially va^ring. or continuous. Still limhe, 
my of the above embodiments can be combined or even sepa^ed. depe«ling upon the' 
WtaMion. Of course, the type of source med depemb upon fl« application. 

>» '" = ^«'«='"'«'i°«»>.1>eenergyiou.cecanbeafluidjetthatis 

pressarired (e.g.. compressional) according to an embodiment of the piesem invention 
Fig. 6A shows a simplified coss-secdonal view diagram of a fluid je. from a fluid 
n^e 608 used to perfonn d« controlled cleaving process according to an embodiment 
ofUtepteseatavemion. H^fluid je, 607 (or Bquid Jet or gas jet) impinges on a„ edge 

15 regMu, of suhstmte 10 to initiate flK> comrolled cleaving process. Tie fluid je. from a 
compressed or pressmized fluid source is dimmed to a region a, the selected depth 603 

todeaveaducknessofmaterialregion 12 ftomsubsoate lousing force eg 
m«*anical. chemical, drermal. As shown. d« fluid jet separates substrate 10 into two 
«g»ns, including regi™> 609 and region 61. dtat separate from each other at selected 
<iq«b6a3. The fluid jet can also be adjusted to initiate and maintain comrolled 
deavmg process to separate material 12 from substrate lO Depending upon the 
^Wfication. dte fluid je. can I. adjusted in direcUon. location, and magnimde to achieve 
desire, comroned cleaving process. Tie fluid je. can be a liquid je. or a gas je. or a 
combination of liquid and gas. 

to a prefetred embodimen.. die energy source can be a compressional 
source such as. ior example, compress*! fluid dm is sotic. Fig. 6B shows a simplified 
cross-secuonal view diagtam of a compressed fluid source 607 according u, an 
"*odiment of dK presem im-ention. The compressed fluid source 607 (e g 
P-"-^ liquid, pressurized gas) is applied to a seated chamber 62 1 . which surrounds 

or edge Of U»= substrate 10. As shown. d«> chamber is enclosed by device 
C3. Which is seated by. for example, o-rings 625 or d,e like, and which surrounds dte 
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outer edge of the substrate. The chamber has a pressure maintained at PC that is 
applied to the edge region of substrate 10 to initiate the controlled cleaving process at 
the selected depth of implanted material. The outer surfece or face of the substrate is 
maintained at pressure PA which can be ambient pressure, e.g.. 1 atmosphere or less. 
5 A pressure differential exists between the pressure in the chamber, which is higher, and 
the ambient pressure. The pressure difference applies force to the implanted region at 
the selected depth 603. The nnplanted region at the selected depth is stmcturally 
weaker than surrounding regions, including any bonded regions. Force is applied via 
the pressure differential until the controlled cleaving process is initiated. The controDed 
10 cleaving process separates the thickness of material 609 from substrate material 611 to 
splh the tfiickness of material from the substrate material at the selected depdi. 
Additionally, pressure PC forces material region 12 to separate by a "piying action" 
from substrate material 611. During the cleaving process, the pressure m the chamber 
can also be adjusted to initiate and maintain the controUed cleaving process to separate 
material 12 from substrate 10. Depending upon the application, the pressure can be 
adjusted m magnitude to achieve the desired controlled cleaving process. The fhiid 
pressure can be derived from a liquid or a gas or a combination of liquid and gas. 

in a specific embodiment, the present invention provides a resulting 
substrate 611. 12 that has a cleaved surfece 627. The cleaved surfece has a certain or 
predeteimined amount of surface roughness. The surface roughness is often greater 
than that which is generally acceptable for manufacwring integrated circuits. In sUicon 
wafers, for example, the surface roughness is generally about 10 nanometers root mean 
square ("RMS") or greater. Alternatively, the surface roughness is about 2-8 
nanometers root mean square and greater. Each of the cleaved surfaces has a particle 
concentration, which is shown in the diagram in reference numeral 629. The 
concentration of particles at a mJtximum is generally at the selected depth (z^. The 
particle concentration can be hydrogen, for example, or otiier hydrogen bearing 
compounds. The hydrogen bearing compound will assist in annealmg the cleaved 
surface in later processing steps. 

hi a specific embodiment, the present invention provides a controlled- 
propagating cleave. The conirolled-propagating cleave uses multiple successive 
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impulses to initiate and perhaps propagate a cleaving process 700, as Ulustrated by Fig. 
7. This diagram is merely an Ulustration, and should not limit the scope of the claims 
herein- As shown, the impulse is directed at an edge of the substrate, which propagates 
a cleave ftont toward the center of the substrate to remove the material layer from die 
substrate. In diis embodiment, a source applies multiple pulses (i.e., pulse 1 , 2, and 3) 
successively to the substrate. Pulse 1 701 is durected to an edge 703 of the substrate to 
initiate the cleave action. Pulse 2 705 is also directed at the edge 707 on one side of 
pulse 1 to expand the cleave front. Pulse 3 709 is directed to an opposite edge 71 1 of 
pulse 1 along the expanding cleave front to further remove the material layer from the 
substrate. The combination of these impulses or pulses provides a controlled cleaving 
action 713 of the material layer from the substrate. 

Fig. 8 is a simplified illustration of selected energies 800 from the pulses 
in the preceding embodiment for the controlled-propagating cleave. This diagram is 
merely an illustration, and should not limit die scope of the claims herein. As shown, 
15 the pulse 1 has an energy level which exceeds average cleaving energy (E). which is the 
necessaiy energy for initiating the cleaving action. Pulses 2 and 3 are made using lower 
energy levels along the cleave front to mamtain or sustain die cleaving action. In a 
specific embodiment, die pulse is a laser pulse where an impinging beam heats a 
selected region of die substrate du-ough a pulse and a diennal J)ulse gradient causes 
supplemental stresses which togedier exceed cleave formation or propagation energies, 
which create a single cleave front. In preferred embodiments, die impinging beam 
heats and causes a diermal pulse gradient simultaneously, which exceed cleave energy 
formation or propagation energies. More preferably, die impinging beam cools and 
causes a diermal pulse gradient simultaneously, which exceed cleave energy formation 
25 or propagation energies. 

Optionally, a built-in energy state of die substrate or stress can be 
globally raised toward die energy level necessaiy to initiate die cleavmg action, but not 
enough to initiate die cleaving action before directing die multiple successive impulses 
to die substrate according to die present invention. The global energy state of die 
substrate can be raised or lowered using a variety of sources such as chemical, 
nw y ha mra l , diermal (sink or source), or electrical, alone or in combination. The 
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Chemical source can include a variety such as particles, fluids, gases, or liquids. These 
sources can also include chemical reaction to increase stress in the material region. The 
chemical source is introduced as flood, time-vaiying, spatially varying, or continuous. 

In other embodiments, a mechanical source is derived from rotational, 
translational, compressionaJ, expansional, or ultrasonic energies. The mechanical 
source can be introduced as flood, time-vaiying. spatially varying, or continuous. In 
further embodiments, the electrical source is selected from an applied voltage or an 
applied electro-magneric field, which is introduced as flood, time-varying, spatially 
varying, or continuous. In still further embodiments, the thermal source or sink is 
selected from radiation, convection, or conduction. This thermal source can be selected 
from, among others, a photon beam, a fluid jet, a liquid jet, a gas jet, an 
electro/magnetic field, an electron beam, a thermo-electric heating, and a furnace. The 
thermal sink can be selected from a fluid jet. a liquid jet. a gas jet, a cryogenic fluid, a 
super-cooled liquid, a thermo-electric cooling means, an electro/magnetic field, and 
others. Similar to the previous embodiments, the thermal source is applied as flood, 
time-vaiying. spatially varying, or continuous. Stfll iimher, any of the above 
embodiments can be combined or even separated, depending upon the application. Of 
course, the type of source used also depends upon the application. As noted, the global 
source increases a level of energy or stress in the material region without initiating a 
cleaving action in the material region before providing energy to initiate the controDed 
cleaving action. 

In a specific embodiment, an energy source elevates an energy level of 
the substrate cleave plane above its cleave front propagation energy but is insufficient to 
cause self-initiation of a cleave front. In particular, a thermal energy source or smk in 
the form of heat or lack of heat (e.g.. cooling source) can be applied globally to the 
substrate to increase the energy stgte or stress level of the substrate without initiating a 
cleave front. Alternatively, the energy source can be electrical, chemical, or 
mechanical. A directed energy source provides an application of energy to a selected 
region of the substrate material to iniUate a cleave from which self-propagates through 
the bapbmted region of the substrate until the diin film of material is removed. A 
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variety of techniques can be used to initiate the cleave action. These techniques are 
described by way of the Figs, below. 

Fig. 9 is a simplified illustration of an energy state 900 for a controlled 
cleaving action using a single controlled source according to an aspect of the present 
invention. This diagram is merely an Dlustranon, and should not limit the scope of the 
claims herein. In this embodiment, the energy level or state of the substrate is raised 
using a global energy source above the cleave front propagation energy state, but is 
lower than the energy state necessary to initiate the cleave front. To initiate the cleave 
front, an energy source such as a laser directs a beam in the form of a puke at an edge 
of the substrate to initiate the cleaving action. Alternatively, the energy source can be a 
cooling fluid (e.g.. liquid, gas) that directs a cooling medium in the form of a pulse at 
an edge of die substrate to initiate die cleaving action. The global energy source 
maintains die cleaving action which generally requires a lower energy level dian the 
initiation energy. 

An alternative a^>ect of die invention is Ulustra^ by Figs. 10 and 1 1. 
Fig. 10 is a simplified illustration of an implanted substrate 1000 undergoing rotational 
forces 1001, 1003. This diagram is merely an iUustration. and should not limit the 
scope of die claims herein. As shown, die substrate includes a top surface 1005, a 
bottom surface 1007, and an implanted region 1009 at a selected depdi. An energy 
source increases a global energy level of die substrate using a light beam or heat source 
to a level above die cleave front propagation energy state, but lower dian die energy 
state necessary to initiate die cleave front. The substrate undergoes a rotational force 
turning clockwise 1001 on top surface and a rotational force mming counter-clockwise 
1003 on die bottom surface which creates stress at die implanted region 1009 to initiate 
a cleave front. Alternatively, die top surface undergoes a counter-clockwise rotational 
force and die bottom surface undergoes a clockwise rotational force. Of course, die 
direction of die force generally does not matter in diis embodiment. 

Fig. 1 1 is a simplified diagram of an energy state 1 100 for the controlled 
cleaving action using die rotational force according to die present invention. This 
diagram is merely an Ulustration. and should not limit die scope of die claims herein. 
As previously noted, die energy level or state of die substrate is raised using a global 
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energy source (e.g., thermal, beam) above the cleave from propagation energy state, 
but is lowar than the energy state necessary to mitiate the cleave front. To initiate the 
cleave front, a mechanical energy means such as rotational force applied to the 
implanted region initiates the cleave front. In particular, rotational force applied to the 
5 implanted region of the substrates creates zero stress at the center of the substrate and 
greatest at die periphery, essentially being proportional to the radius. In this example, 
the central initiating pulse causes a radially expanding cleave front to cleave the 
substrate. 

The removed material region provides a thin film of sUicon material for 
processing. The silicon material possesses limited surface roughness and desired 
planarity characteristics for use in a silicon-on-insulator substrate. In certain 
embodiments, the surface roughness of the detached film has features that are less than 
about 60 nm, or less than about 40 nm, or less than about 20 nm. Accordingly, the 
present invention provides thin silicon fibns which can be smoother and more uniform 
than pre-existing techniques. 

In a preferred embodiment, the present invention is practiced at 
temperatures that are lower Uian those used by pre-existmg techniques. In particular; 
the present invention does not require increasing the entire substrate temperature to 
initiate and sustain the cleaving action as pre-existing techniques. In some embodiments 
for silicon wafers and hydrogen implants, substrate temperature does not exceed about 
400 Degrees Celsius during the cleaving process. Alternatively, subsffate temperamre 
does not exceed about 350 Degrees Celsius during the cleaving process. Alternatively, 
substrate temperature is kept substantially below implanting temperatures via a thermal 
sink, e.g., cooling fluid, cryogenic fluid. Accordingly, the present invention reduces a 
possibility of unnecessary damage from an excessive release of energy from random 
cleave fronts, which generally in^>roves^surface quality of a detached fihn(s) and/or the 
substrate(s). Accordingly, the present invention provides resulting films on substrates at 
higher overall yields and quality. 

The above embodiments are described in terms of cleaving a thin film of 
material from a substrate. The substrate, however, can be disposed on a workpiece 
such as a stiffener or the like before the controlled cleaving process. The workpiece 
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joins to a top surface or implanted surface of the substrate to provide structural support 
to the thin film of material during controUed cleaving processes. The workpiece can be 
joined to the substrate using a variety of bonding or joining techniques, e.g., electro- 
statics, adhesives. interatomic. Some of these bonding techniques are described herein. 
The workpiece can be made of a dielectric maieriaJ (e.g., quartz, glass, sapphire, 
silicon nitride, silicon dioxide), a conducuve material (silicon, sUicon carbide, 
polysilicon. group HW materials, metal), and plastics (e.g., polyimide-based 
materials). Of course, the type of workpiece used wUI depend upon the application. 

Alternatively, the substrate having the fihn to be detached can be 
temporarily disposed on a transfer substrate such as a stiffener or the like before the 
controlled cleaving process. The transfer substrate joins to a top surface or implanted 
surface of the substrate having the fihn to provide structural support to the thin fihn of 
material during controUed cleaving processes. The transfer substrate can be temporarily 
jomed to the substrate having the fitaj using a variety of bonding or joining techniques. 
e.g., electro-statics, adhesives. interatomic. Some of these bonding techniques are 
described herein. The transfer substrate can be made of a dielectric material (e.g., 
quartz, glass, sapphire, silicon nitride. siUcon dioxide), a conductive material (silicon, 
silicon carbide. polysHicon. group IWV materials, metal), and plastics (e.g.. polyimide- 
based materials). Of course, the type of transfer substrate used will depend upon the 
^Ucation. AdditionaUy. the transfer substrate can be used to remove the thin fihn of 
material from the cleaved substrate after die controUed cleaving process. 

A process for fabricating a silicon-on-insulator substrate according to the 
present invention may be briefly outlined as follows: 

(1) Provide a donor silicon wafer (which may be coated with a 
dielectric material); 

* (2) Introduce particles mto the silicon wafer to a selected depth to 

define a thickness of silicon film; 

(3) Provide a target substrate material (which may be coated with a 
dielectric material); 

(4) Bond the donor silicon wafer to the target substrate material by 
joinmg the implanted face to the target substrate material; 
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(5) Increase global stress (or energy) of implanted region at selected 
depth without initiating a cleaving action (opdonal); 

(6) Provide stress (or energy) using a fluid jet to a selected region of 
the bonded substrates to initiate a controlled cleaving action at the 
selected depth; 

(7) Provide additional energy to the bonded substrates to sustain the 
controlled cleaving action to free the thickness of silicon film from the 
silicon wafer (optional); 

(8) Complete bonding of donor silicon wafer to the target substrate 
(optional); 

(9) Finish surface of cleaved film by etching and hydrogen treatment; 

(10) Form epitaxial layer (e.g., silicon, silicon germanium) overlying 
finished surface; and 

(11) Perform remaining steps, if necessary. 

The above sequence of steps provides a step of initiating a controlled 
cleaving acdon using an energy applied to a selected region(s) of a miilti-layered 
substrate structure to form a cleave front(s) according to the present invention. This, 
initiation step begins a cleaving process in a controlled manner by limiting the amount 
of energy applied to the substrate. Further propagation of the cleaving action can occur 
by providing additional energy to selected regions of the substrate to sustain the 
cleaving action, or using the energy from the initiation step to provide for fiirther 
propagation of the cleaving action. The steps are also used to finish the cleaved surface 
using a combination of etch and hydrogen treatment for silicon wafer, for example. 
This sequence of steps is merely an example and should not limit the scope of the claims 
defined herein. Further details with regard to the above sequence of steps are described 
in below in references to the Figs. a-^ 

Figs. 12-16 are simplified cross-sectional view diagrams of substrates 
undergoing a fabrication process for a silicon-on-insulator wafer according to the 
present invention. The process begins by providing a semiconductor substrate similar 
to the silicon wafer 2100, as shown by Fig. 12. Substrate or donor includes a material 
region 2101 to be removed, which is. a thin relatively uniform film derived from the 
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substrate material. The silicon wafer includes a top surfece 2103, a bonom surfece 
2105. and a thickness 2107. Material region also includes a thickness (Zq). within the 
thickness 2107 of the sUicon wafer. Optionally, a dielectric layer 2102 (e.g., silicon 
nitride, silicon oxide, silicon oxynitride) overlies the top surfece of the substrate. The 
5 present process provides a novel technique for removing die material region 2101 using 
the following sequence of steps for the fabrication of a silicon-on-insulator wafer. 

Selected energetic particles 2109 implant dirough the top surface of the 
sUicon wafer to a selected depth, which defines Ae thickness of die material region, 
tenned the thin fihn of material. As shown, the particles have a desired concentration 
10 21 1 1 at the selected depUi (z^. A variety of techniques can be used to implant the 
energetic particles into the sUicon wafer. These techniques include ion implantation 
using, for example, beam line ion implantation equipment manufacmred from 
companies such as Applied Materials, Eaton Corporation, Varian. and others. 
Alternatively, implantation occurs using a plasma immersion ion implantation ("Pni") 
15 technique. Furtheraiore, implantation can occur using ion shower. Ofcoune, 
techniques used depoid upon the application. 

Depending upon the application, smaller mass particles are generally 
selected to reduce a possibUity of damage to the material region. TTiat is, smaller mass 
particles easily travel through the substrate material to die selected deptii witfiout 
substantiaUy damaging the material region that the particles traversed du^ough. For 
example, the smaUer mass particles (or energetic particles) can be ahnost any charged 
(e.g., positive or negative) and/or neutral atoms or molecules, or electrons, or die like. 
In a specific embodiment, die particles can be neutral and/or charged particles including 
ions of hydrogen and its isotopes, rare gas ions such as helium and its isotopes, and 
neon. The particles can also be derived from compounds such as gases, e.g., hydrogen 
gas, water vapor, mefliane. and odier hydrogen compounds, and otfier light atomic mass 
particles. Alternatively, die particles can be any combination of die above particles, 
and/or ions and/or molecular species and/or atonuc species. 

The process uses a step of joining die implanted silicon wafer to a 
woilqiiece or target wafer, as iUustrated in Fig. 13. The workpiece may also be a 
yaiiety of odier types of substrates such as djose made of a dielectric material (e.g.. 
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quartz, glass, silicon nitride, silicon dioxide), a conductive material (silicon, 
polysilicon, group IlIA^ materials, metal), and plastics (e.g., polyimide-based 
materials). In the present example, however, the workpiece is a silicon wafer. 

In a specific embodiment, the silicon wafers are joined or fused together 
using a low temperature thermal step. The low temperature thermal process generally 
ensures that the implanted particles do not place excessive stress on the material region, 
which can produce an uncontrolled cleave action. In one aspect, the low temperature 
bonding process occurs by a self-bonding process. In particular, one wafer is stripped 
to remove oxidation therefrom (or one wafer is not oxidized). A cleaning solution 
treats the surface of the wafer to form O-H bonds on the wafer surface. An example of 
a solution used to clean the wafer is a mixture of H2O2-H2SO4. A dryer dries the wafer 
surlaces to remove any residual liquids or particles from the wafer surfaces. Self- 
bonding occurs by placing a face of the cleaned wafer against the face of an oxidized 
wafer. 

Alternatively, a self-bonding process occurs by activating one of the 
wafer surfaces to be bonded by plasma cleaning. In particular, plasma cleaning 
activates the wafer surface using a plasma derived from gases such as argon, ammonia, 
neon, water vapor, and oxygen. The activated wafer surface 2203 is placed against a 
face of the other wafer, which has a coat of oxidation 2205 thereon. The wafers are in 
a sandwiched structure having exposed wafer faces. A selected amount of pressure is 
placed on each exposed face of die wafers to self-bond one wafer to the other. 

Alternatively, an adhesive disposed on the wafer surfaces is used to bond 
one wafer onto the other. The adhesive includes an epoxy, polyimide-type materials, 
and the like. Spin-on-glass layers can be used to bond one wafer surface onto the face 
of another. These spin-on-glass (-SOC) materials include, among others, siloxanes or 
silicates, whidi are often mixed with alcohol-base^ solvents or the like. SOG can be a 
desirable material because of the low temperatures (e.g., 150 to 250 Degrees Celsius) 
often needed to cure the SOG after it is applied to surfaces of the wafers. 

Alternatively, a variety of other low temperature techniques can be used 
to join the donor wafer to the target wafer. For instance, an electro-static bonding 
technique can be used to join the two wafers together. In particular, one or both wafer 
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siirfacc(s) is charged to attract to the other wafer surface. Additionally, the donor wafer 
can be fused to the target wafer using a variety of conmionly known techniques. Of 
course, the technique used depends upon the application. 

After bonding the wafers into a sandwiched structure 2300, as shown in 
Rg. 14, the method includes a controlled cleaving action to remove the substrate 
materia] to provide a thin film of substrate material 2101 overlying an insulator 2305 
the target silicon wafer 2201 . The controUed-cleaving occurs by way of selective 
energy placement or positioning or targeting 2301, 2303 of energy sources onto the 
donor and/or target wafers. For mstance, an energy impluse(s) can be used to initiate 
the cleaving action. The impulse (or impulses) is provided using an energy source 
which include, among others, a mechanical source, a chemical source, a thermal sink or 
source, and an electrical source. 

The controlled cleaving action is initiated by vmy of any of the previously 
noted techniques and others and is illustrated by way of Fig. 14. 'For instance, a 
process for initiating the controlled cleaving action uses a step of providing energy 
2301, 2303 to a selected region of the substrate to initiate a controlled cleaving action at 
the selected depth (Zo) in the substrate, whereupon the cleaving action is made using a 
propagating cleave front to free a portion of the substrate material to be removed from 
the substrate. In a specific embodiment, the method uses a single impulse to begin the 
cleaving action, as previously noted. Alternatively, the method uses an initiation 
inq)ulse, which is followed by another impulse or successive impulses to selected 
regions of the substrate. Alternatively, the method provides an impulse to initiate a 
cleaving action which is sustained by a scanned energy along the substrate. 
Alternatively, energy can be scanned across selected regions of the substrate to initiate 
and/or sustain the controlled cleaving action. 

Optionally, an energy or stress of the substrate material is increased 
toward an energy level necessary to initiate the cleaving action, but not enough to 
initiate the cleaving action before directing an impulse or multiple successive impulses 
to the substrate according to the present invention. The global energy state of the 
substrate can be raised or lowered using a variety of sources such as chemical, 
mechanical, thermal (sink or source), or electrical, alone or in combination. The 
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chemical source can include particles, fluids, gases, or liquids. These sources can also 
include chemical reaction to increase stress in the material region. The chemical source 
is introduced as flood, time-varying, spatially varying, or continuous. In other 
embodiments, a mechanical source is derived from rotational, translational, 
compressional^ expansional, or ultrasonic energies. The mechanical source can be 
introduced as flood, time-vaiying, spatially varying, or continuous. In further 
embodiments, the electrical source is selected from an applied voltage or an applied 
electro-magnetic field, which is introduced as flood, time-varying, spatially varying, or 
continuous. In still further embodiments, the thermal source or sink is selected from 
radiation, convection, or conduction. This thermal source can be selected from, among 
others, a photon beam, a fluid jet, a liquid jet, a gas jet, an electro/magnetic field, an 
elecoron beam, a thermo-electric heating, and a furnace. The thermal sink can be 
selected from a fluid jet, a liquid jet, a gas jet, a cryogenic fluid, a super-cooled liquid, 
a thenno-electric cooling means, an electro/magnetic field, and others. Similar to the 
previous embodiments, the thermal source is applied as flood, time-varying, spatially 
varying, or contiimous. Still further, any of the above embodiments can be combined 
or even separated, depending upon the application. Of course, the type of source used 
depends upon the application. As noted, the global source increases a level of energy 
or stress in the material region without initiating a cleaving action in the material region 
before providing energy to initiate the controlled cleaving action. 

In a preferred embodiment, the method maintains a temperature which is 
below a temperature of introducing the particles into the substrate. In some 
embodiments, the substrate temperature is maintained between -200 and 450 Degrees 
Celsius during the step of introducing energy to initiate propagation of the cleaving 
action* Substrate temperature can also be maintained at a temperature below 400 or 
below 350 Degrees Celsius. In preferred embodunents; the method uses a thermal sink 
to initiate and maintain the cleaving action, which occurs at conditions significantly 
below room temperature. 

In an alternative preferred embodiment, the mechanical and/or thermal 
source can be a fluid jet that is pressurized (e.g., compressional) according to an 
embodiment of the present invention. The fluid jet (or liquid jet or gas jet) impinges on 
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an edge region of substrate 2300 to iniuate the controlled cleaving process. The fluid 
jet from a compressed or pressurized fluid source is directed to a region at the selected 
depth 21 1 1 to cleave a thickness of material region 2101 from substrate 2100. The fluid 
jet separates region 2101 from substrate 2100 that sq>aiate from each other at selected 
5 depth 2111. The fluid jet can be adjusted to initiate and maintain the controlled 

cleaving process to separate material 2101 from substrate 2100. Depending upon the 
application, the fluid jet can be adjusted in direction, location, and magnitude to achieve 
the desired controlled cleaving process. 

A final bonding step occurs between the target wafer and thin film of 
10 material region according to some embodiments, as Uiustrated by Fig. 15. In one 
cmbodimem. one silicon wafer has an overlying layer of sflicon dioxide, which is 
thermally grown overlying the face before cleaning the thin fibn of material. The 
silicon dioxide can also be formed using a variety of other techmques. e.g.. chemical 
vapor deposition. The silicon dioxide between die wafer surfaces fuses together 
15 thermally in this process. 

In some embodiments, the oxidized sUicon surface from either the target 
wafer or die thin film of material region (from the donor wafer) are further pressed 
together and are subjected to an oxidizing ambient 2401 . TTie oxidizing ambient can be 
in a diffiision furnace for steam oxidation, hydrogen oxidation, or the like. A 
20 combination of die pressure and die oxidizing ambient fuses the two silicon wafers 

together at the oxide surface or interfece 2305. These embodiments often require high 
tea^paatmes (e.g.. 700 Degrees Celsius). 

Alternatively, the two sUicon surfaces are further pressed together and 
subjected to an applied voltage between the two wafers. The applied voltage raises 
25 temperanire of the wafers to induce a bonding between the wafers. Hus technique 
limits the amount of crystal defects introduced into the silicon wafers during the 
bonding process, since substantially no mechanical force is needed to initiate die 

bonding action between die wafers. Of course, die technique used depends upon die 
^iplication. 

bonding die wafers, silicon-on-insulator has a target substrate widi 
an overlying fihn of silicon material and a sandwiched oxide layer between die target 
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substrate and the silicon film, as also illustrated in Fig. 15. The detached surface of the 
fUm of silicon material is often rough 2404 and needs finishing. The rough surface for 
silicon wafers is often about two to eight nanometers RMS or greater. This roughness 
often should be removed before further processing. In a specific embodiment, the 
detached surface has a concentration of hydrogen bearing particles therein and thereon 
from the previous implanting step. 

To smooth or treat surface 2404, the substrate is subjected to thermal 
treatment 2401 in a hydrogen bearing environment. Additionally, the substrate is also 
subjected to an etchant inchiding a halogen bearing compound such as HCl, HBr. HI. 
HF. and others. TTie etchant can also be a fluorine bearing compound such as SF, 

In preferred embodiments, the present substrate undergoes treatment 
using a combination of etchant and thermal treatment in a hydrogen bearing 
environment. In a specific embodiment, the etchant is HQ gas or the like. The 
thermal treatment uses a hydrogen etchant gas. In some embodiments, the etchant gas 
is a halogcnated gas. e.g.. HQ. HF. HI. HBr. SF5. CF4. NF3. and CCI2F2. Hie etchant 
gas can also be mixed with another halogen gas. e.g.. chlorine, fluorine. The thermal 
treatmem can be from a fiimace, but is preferably from a rapid thennal processing tool 
such as an RTF tool. Alternatively, the tool can be from an epitaxial chamber, which 
has lamps for rapidly heating a substrate. In an embodiment using a silicon wafer and 
hydrogen gas. the tool can heat the substrate at a rate of about 10 Degrees Celsius and 
greater or 20 Degrees Celshis and greater, depending upon the embodimem. 

In one embodiment, it is believed tiiat the hydrogen particles in the 
detached surface improves the surface smootiung process. Here, die hydrogen particles 
have been maintained at a temperature where they have not diffused out of the 
substrate. In a specific embodiment, Uie concentration of hydrogen particles ranges 
from about 10^' to about 5 X 10^atoms/cm\ Alternatively. U»e concentration of 
hydrogen particles is at least about 6 X 10^' atoms/cm'. Depending upon die 
embodiment, the particular concentration of die hydrogen particles can be adjusted. 

Still fiinhcr in other embodiments, Uie present substrate undergoes a 
process of hydrogen treatment or implantation before dieimal treatment. Here, the 
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substrate, including the detached film, is subjeaed to hydrogen bearing particles by way 
of implantation, diffusion, or any combination thereof. In some embodiments, where 
hydrogen has difiiised out from the initial implant, a subsequent hydrogen treatment 
process can occur to increase a concentration of hydrogen in the detached fihn. The 
present hydrogen treatment process can occur for substrates made by way of the 
controlled cleaving process, Sman Cut'**, and others, which may form an uneven or 
rough surface finish after detachment. A fmished wafer after smoothing or surface 
treatment is shown in Fig. 16. Here, the finished wafer inchjdes a substantially smooth 
surface 2601. which is generally good enough for the manufecnire of integrated circuits 
without substantial polishing or the like. 

Moreover, the present technique for finishing the cleaved surface can use 
a combination of etchant, deposition, and thermal treatmem to smooth the cleaved fihn. 
Here, the cleaved film is subjected to hydrogen bearing compounds such as HCI, HBr, 
HI, HF, and others. AdditionaUy. the cleaved film is subjected to for example, 
deposition, during a time that the fihn is subjected to the hydrogen bearing compounds, 
which etch portions of the cleaved film. Usmg a silicon cleaved fihn for example, the 
d^sition may occur by way of a silicon bearing compound such as silanes, e.g., 
SijC^H,,, SiH^, SiCI,, and other silicon compounds. Accordingly, the present method 
subjects the cleaved fihn to a combination of etching and deposition using a hydrogen 
bearing conqwund and a silicon bearing compound. Additionally, the cleaved surface 
undergoes thermal treatment while being subjected to the combination of etchant and 
deposition gases The thermal treatment can be from a fiimace, but is preferably fi^om a 
rapid thermal processing tool such as an RTP tool. Alternatively, die tool can be from 
an epitaxial chamber, which has lamps for rapidly heating a substrate. In an 
embodiment using a silicon wafer and hydrogen gas, the tool can heat the substtate at a 
rale of about 10 Degr^ Celsius/second and greater or 20 Degrees Celsius/second and 
greater, depending upon die embodiment. In some embodiments, the process is also 
maintained at about 1 atmosphere, but is not limited to this pressure. 

In a specific embodiment, die silicon-on-insulator substrate undergoes a 
series of process steps for formation of integrated circuits thereon. These processing 
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steps are described in S. Wolf, Silicon Processing for the VLSI Era (Volume 2), Lattice 
Press (1990), which is hereby incorporated by reference for all purposes. 

Although the above description is in terms of a sUicon wafer, other 
substrates may also be used. For example, the substrate can be almost any 
monocrystaUine, polyciystalline, or even amorphous type substrate. Additionally, the 
substrate can be made of nUV materials such as gaUium arsenide, gallhim nitride 
(GaN), and others. The multi-layered substrate can also be used according to the 
present invention- The multi-layered substrate includes a sUicon-on-insulator substrate, 
a variety of sandwiched layers on a semiconductor substrate, and numerous otfier types 
of substrates. Additionally, the embodiments above were generally in terms of 
providing a pulse of energy to initiate a conn-olIed cleaving action. The pulse can be 
replaced by energy that is scanned across a selected region of the substrate to initiate the 
controlled cleaving action. Energy can also be scanned across selected regions of die 
substrate to sustain or maintain the cono^oUed cleaving action. One of ordinary skiU in 
the art would easUy recognize a variety of alternatives, modifications, and variations, 
which can be used according to the present invention. 

SMOOTmNG METHOD USING A RELEASE LAYER 
According to another embodiment of the present invention, as shown in 
Fig. 17A, a sihcon single-crystal substrate 2821 is first prepared and then rendered 
porous at its surface layer. Numeral 2822 denotes the resulting porous layer. As 
shown in Fig. 17B. at least one kind of noble gas, hydrogen and nitrogen is ion- 
implanted into the porous layer 2822. Then, a porous layer (ion-implanted layer) 2823 
having large porosity is formed in the porous layer 2822. The charge condition of the 
implanted ions is not particularly limited. The acceleration energy is set such that the 
projection range corresponds to a depth at which the ion implanta.iion is desired. 
I>epending on the implantation amount, the size and die density of the micro-cavities to 
be formed are changed, but approximately no less than 1 x lO'Vcm^ and more 
preferably 1 x 10•Vcm^ When setUng the projecUon range to be deeper, the channeling 
ion implanuuon may be employed. After the implantation, die heat treatment is 
performed or at least one of compressive, tensile and shear stresses is applied to the 
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wafer in a direction perpendicular to the surface as necessary, so as to divide the 
semiconductor substrate into two at the ion-implanted layer as a border. In the case of 
the heat treaonoit atmosphere being an oxidizing aonosphere. the pore walls are 
oxidized so that attenUon should be given to preventing the silicon region from being all 
5 changed into silicon oxide due to over oxidation. 

In Fig. 17C. the extranely thin porous substrate obtained by the present 
invention is shown. Since the division of the substrate starts ^ontaneously upon the 
heat treatment or the like as a trigger due to the internal stress introduced upon the 
implantation, the extremely thin porous strucnire can be formed uniformly aU over the 
10 substrate. The pores of the porous structure are formed from one main surface of the 
substrate toward the other main surface. Accordingly, when the gas is implanted under 
pressure from the one main suriace. it is ejected out from the other main sur^ce. In 
this case, since the pore size of the porous structure is in the range from several 
nanometers to several tens of nanometers, a particle greater than this can not pass 
15 therethrough. On the other hand, although pressure loss is caused depending on the 
pore aze. the pore density and a thickness of the extremely thin porous substrate, the 
strength of the substrate and the pressure loss can be both within the practical range if 
the thickness of ttie porous layer is approximately no more than 20 microns. 

As shown in Fig. 17D, porous layer 2822, whidi has an overlying layer 
2823, is subjected to fiirther processing. Here, layer 2823 is removed by etching 
techniques. Once layer 2823 is removed, a surface treaunent process 2824 is provided. 
The sur^ treatment process removes surface roughness from the surface 2825 of the 
porous layer. The film of silicon material is often rough 2825 and needs finishing. The 
rough surfece for silicon wafers is often about two to eight nanometers RMS or greater. 
This roughness often should be removed before fimher processing. In a specific 
embodiment, the detached surfece has a concentration of hydiogen bearing particles 
therein and diereon from the previous implanting step. 

To smooth or treat the surface, the substrate is subjected to theimal 
treatment in a hydrogen beating environment. Additionally, the substrate is also 
subjected to an etchant including a halogen bearing compound such as HQ, HBr, HI. 
HF, and others. The etchant can also be a fluorine bearing compound such as SF», 
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C,F,. In preferred embodiments, the present substrate undergoes treatment using a 
combination of etchani and thermal treatment in a hydrogen bearing environment. In a 
specific embodiment, the etchant is HCl gas or the like. The thermal treatment uses a 
hydrogen etchant gas. In some embodiments, die etcham gas is a halograated gas, e.g., 
HCl, HF, m, HBr. SF6, CF4, NF3, and CQiFj. The etchant gas can also be mixed widi 
another halogen gas, e.g., chlorine, fluorine. The thermal treatment can be from a 
furnace, but is preferably from a rapid thermal processing tool such as an RTF tool. 
Alternatively, the tool can be an epitaxial chamber, which has lamps for rapidly heating 
a substrate. In an embodiment using a silicon wafer and hydrogen gas, the tool can heat 
the substrate at a rate of about 10 Degrees Celsius/second and greater or 20 Degrees 
Cfclsius/second and greater, depending upon the embodiment. 

In one embodiment, it is believed that the hydrogen particles in the 
detached surface improves die surface smoothing process. Here, the hydrogen particles 
have been maintained a^t a temperaoue where tfiey have not diffused out of the 
15 substrate. In a specific embodiment, the concentration of hydrogen particles ranges 
from about 10*' to about 5 X 10° atoms/cm^ Alternatively, the concemraUon of 
hydrogen particles is at least about 6 X lO*' atoms/cm'. Depending upon the 
erabodimem, the particular concentradon of die hydrogen particles can be adjusted. 

Still further in other onbodiments. the present substrate undergoes a 
20 process of hydrogen treatment or implantation before thermal treatmem purposes. 
Here, die substrate, including the detached fihn, is subjected to hydrogen bearing 
particles by way of implantation, diffusion, or any combination thereof. In some 
embodiments, where hydrogen has diffosed out from the initial implant, a subsequent 
liydiogen treatment process can occur to increase a concentration of hydrogen in the 
25 detached fihn. The present hydrogen treatment process can occur for substrates made 
by way of other processes such as diose noted below. 

Moreover, die present technique for finishing the cleaved surface can use 
a combination of etchant, deposition, and Uiemial treatment to smootfi die cleaved fdm. 
Here, the cleaved fihn is subjected to hydrogen bearing compounds such as HCl, HBr, 
30 m, HP, and ofliers. Additionally, die cleaved fihn is subjected to for example, 

deposition, during a time diat die fdm is subjected to die hydrogen bearing compounds. 
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which etch portions of the cleaved film. Using a silicon cleaved fihn for example, the 
deposition may occur by way of a silicon bearing compound such as sUanes. e.g.. 
SijCl^, SiH4, SiCl„ and other silicon compounds. Accordingly, the present method 
subjects the cleaved fihn to a ccnnbination of etching and dqjosition using a hydrogen 
bearing compound and a silicon bearing compound. AdditiooaUy, the cleaved surface 
undergoes thermal treatment while being subjected to the combination of etchant and 
deposition gases. The theimal treatment can be from a fiimace. but is preferably fiom a 
rapid thermal processing tool such as an RTP tool. Alternatively, the tool can be an 
epitaxial chamber, which has lamps for rapidly heating a substrate. In an embodiment 
using a sUicon wafer and hydrogen gas, the tool can heat the subsffate at a rate of about 
10 Degrees Celsius/second and greater or 20 Degrees Celsius/second and greater, 
dqiending upon the embodiment. 

As shown in Fig. 18A. a silicon single-crystal substrate 2841 is first 
prepared and then r^ered porous at its surface layer. Numeral 2842 denotes die 
15 resulting porous layer. SubsequenUy, as shown in Fig. 18B, at least one non-por«us 
thin fihn 2843 Is formed on the porous layer. The fihn to be formed is arbitrarily 
selected from among a smgle-crystal silicon film, a polycrystallme silicon film, an 
amorphous silicon film, a metal film, a compound semiconductor film, a 
superconductive fihn and the like. An element structure such as a MOSFET may be 
20 formed using the film. 

As shown in Fig. 18C, at least one kind of noble gas, hydrogen and 
nitrogen is ion-implanted into the porous layer 2842 so as to form an implanted layer 
2844. When observing the implanted layer by a transmission electron microscope, 
formation of numberless micro-cavities can be seen. The charge condition of the 

25 implanted ions is not particularly limited. The acceleration energy is set such that the 
projection range corresponds to a depth at which the ion implantation is desired. 
Depending on the unplantation amount, the size and the density of the micro-cavities to 
be formed are changed, but approximately no less than 1 x IG^/cm^ and more 
preferably I x IO'Vcm^ When setting the projection range to be deeper, the channeling 

30 ion inq>lantation may be employed. After the implantation, the heat treatment is 

performed as necessary. In case of the heat u^eatment amnosphere being the oxidizing 
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atmosphere, the pore walls are oxidized so diat attention should be given to preventing 
the silicon region from being all changed into silicon oxide due to over oxidation. 

As shown in Fig. 18D, after abutting a support substrate 2845 and the 
surface of the first substrate with each odier at room temperature, they are bonded to 
each other through anodic bonding, pressurization, heat treatment or a combination 
thereof. As a result, both substrates are finnly coupled with each other. 

When single-crystal silicon is deposited, it is preferable to perform the 
bonding after oxidized silicon is formed on the surface of single-crystal silicon through 
thermal oxidation or the like. On the other hand, the support substrate can be selected 
from among a silicon substrate, a silicon substrate with a silicon oxide fihn formed 
thereon, a light transmittable substrate such as quartz, a sapphire substrate and the like, 
but not Innited thereto as long as the surface serving for the bonding is fully flat. The 
bonding may be performed in three plies wiUi an insulating thin plate interposed 
therebetween. 

Subsequently, the substrates are divided at the ion-implanted layer 2844 
m die porous sUicon layer 2842 (Fig. 18E). The stnicmre of the second substrate side 
incbides the porous sUicon layer 2842. the non-porous thin fihn (for example, the 
single-crystal silicon layer) 2843 and the second substtate 2845. 

Further, the porous silicon layer 2842 is selectively removed. In case of 
the non-porous thin film being single-crystal silicon, only the porous silicon layer 2842 
is subjected to the electroless wet chemical etching using at least one of the normal 
silicon etching Uquid, hydrofluoric acid being the porous silicon selective etching liquid, 
a mixed liquid obtained by adding at least one of alcohol and aqueous hydrogen 
peroxide water to hydrofluoric acid, buffered hydrofluoric acid, and a mixed liquid 
obtained by adding at least one of alcohol and aqueous hydrogoi peroxide to buffered 
hydrofluoric acid, so as to render the film formed in advance on the porous layer of the 
first substrate remain on die second substrate. As described above in detail, only the 
porous silicon layer can be selectively etched using Ae normal silicon etching liquid due 
to the extensive surface area of porous silicon. Altemadvely, the porous silicon layer 

2842 may be removed through selecUve polishing using the single-crystal silicon layer 

2843 as a polishing stopper. 
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In the case where the compound semiconductor layer is fonned on the 
porous layer, only the porous silicon layer 2842 is subjected to chemical etching using 
the etching liquid which has the greater etching speed for stticon relative to the 
compound semiconductor, so that the thickness-reduced single-crystal compound 
5 semiconductor layer 2843 remains on the insulating substrate 2845. Alternatively, die 
porous siHcon layer 2842 is removed through selective polishing using the single-crystal 
compound soniconductor layer 2843 as a polishing stopper. 

In Fig. 18F, the semiconductor substrate of the present invention is 
shown. On the insulating substrate 2845, the non-porous tiiin fihn, such as the single- 
10 crystal silicon thin fflm 2843, is formed in a large area all over the wafer. flaUy and 
uniformly reduced in thickness. The semiconductor substrate thus obtained can be 
suitably used in production of an insulated electronic elonent. 

The silicon single-crystal substrate 2841 can be reused as an silicon 
single-ciystal substrate 2841 after removing remaining any porous silicon and after 
performmg sur£ace-flattemng if the surface flatness makes the substrate unusable. 
Alternatively, a non-porous thm flhn may be agam formed without removing porous 
sUicon so as to provide the substrate as shown m Fig. 18B. which is then subjected to 
the processes shown in Figs. 18C to I8F. In embodiments where flattening is 
desirable, a novel surface processing step is provkled, as shown in Fig. 18G. 
Alternatively, smoothing or fattening of the single crystal silicon thin fibn is also 
provided, as shown in Fig. 18G. 

Fig. 18G illustrates a surface 2847 smoothing step for either surface 
2846A or 2846B according to an embodiment of the present invention. As show, 
surfece 2847 is often rough and needs finishing. The present surface treatment process 
removes surface roughness from the surface 2847 of the porous layer. The rough 
surface for silicon wafers is often about two to eight nanometers RMS of greater. This 
roughness often should be removed before ftirther processing. In a ^eciflc 
embodiment, the detached surface has a concentration of hydrogen bearing panicles 
dierem and thereon from the previous implanting step. 

To smooth or treat the surface, the substrate is subjected to thermal 
treatmem in a hydrogen bearing environment. Additionally, the substrate is also 
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subjected to an eichani including a halogen bearing compound such as HCl. HBr» HI, 
HF, and others. The etchant can also be a fluorine bearing compound such as SF^. 
C^,. In preferred embodiments, the present substrate undergoes treatment using a 
combination of etchant and thermal treatment in a hydrogen bearing environment. In a 
specific embodiment, the etdiant is HCl gas or the like. The thermal treatment uses a 
hydrogen etchant gas. In some embodiments, the etchant gas is a halogenated gas, e.g., 
HCl, HF. HI, HBr, SF6, CF4, NFj, and CCI2F2.. The etchant gas can also be mixed with 
another halogen gas, e.g., chlorine, fluorine. The thermal treatment can be from a 
furnace, but is preferably from a rapid thermal processing tool such as an RTP tool. 
Alternatively, the tool can be from an epitaxial chamber, which has lamps for rapidly 
heating a substrate. In an embodiment using a silicon wafer and hydrogen gas, the tool 
can heat the substrate at a rate of about 10 Degrees Celsius/second and greater or 20 
Degrees Celsius/second and greater, depending upon the embodiment. 

In one embodiment, it is believed that the hydrogen particles in the 
detadied surface improves the surface smoothing process. Here, the hydrogen particles 
have been m a int a ine d at a temperature where they have not diffused out of the 
substrate. In a specific embodiment, the concentration of hydrogen particles ranges 
from about 10^' to about 5X10^ atonis/cm\ Alternatively, the concentration of 
hydrogen particles is at least about 6 X 10^* atoms/cm^ Depending upon the 
embodiment, the particular concentration of the hydrogen particles can be adjusted. 

Still further in other embodiments, the present substrate undergoes a 
process of hydrogen treatment or implantation before thermal treatment purposes. 
Here, the substrate, including the detached film, is subjected to hydrogen bearing 
particles by way of implantation, diffusion, or any combination thereof. In some 
embodiments, where hydrogen has diffused out from the initial implant, a subsequent 
hydrogen treatment process can occur to increase a concentration of hydrogen in the 
detached film. The present hydrogen treatment process can occur for substrates made 
by way of other processes such as those noted below. 

Moreover, the present technique for finishing the cleaved surface can use 
a combination of etchant, deposition, and thermal treatment to smooth the cleaved fibn. 
Here, the cleaved film is subjected to hydrogen bearing compounds such as HCl, HBr, 
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HI, HF, and others. Additionally, the cleaved film Is subjected to for example, 
deposition, during a time that the film is subjected to the hydrogen bearing compounds, 
which etch portions of the cleaved film. Using a silicon cleaved film for example, the 
deposition may occur by way of a silicon bearing compound such as silanes, e.g., 
5 Si,CI^. SiH4, Sia„ and oUier silicon compounds. Accordingly, the present method 
subjects die cleaved fihn to a combination of etching and deposition using a hydrogen 
bearing compound and a silicon bearing compound. Additionally, the cleaved surface 
undergoes thermal treatment while being subjected to the combinadon of etchant and 
dqwsidon gases. The thermal treatment can be from a furnace, but is preferably from a 
10 rapid diennal processing tool such as an RTP tool. Alternatively, the tool can be an 
epitaxial chamber, vMch has lamps for rapidly heating a substrate. In an embodiment 
using a silicon wafer and hydrogen gas, the tool can heat the substrate at a rate of about 
10 Degrees Celsius/second and greater or 20 Degrees Celsius/second and greater, 
depending upon the onbodiment. 
15 As shown in Fig. 19A, a sUicon single-crystal substrate 2851 is first 

prepared and dien roidered porous at both surface layers thereof. Numerals 2852 and 
2853 denote the obtained porous layers. Subsequently, as shown in Fig. 19B, at least 
one non-porous thin fihn 2854. 2855 is formed on each of the porous layers. The film 
to be formed is arbitrarily selected from among a single-crystal silicon fihn, a 
polyciystaUine sUicon fihn. an amorphous silicon fihn, a metal film, a compound 
semiconductor fihn, a superconductive film and the like. An elemem smicmre such as 
a MOSFET may be formed from die film. 

As shown in Fig. 19C, at least one kind of noble gas. hydrogen and 
nitrogen is ion-implanted into die porous layers 2852 and 2853 so as to form imphmted 
layers 2856 and 2857. When observmg die implanted layers by a transmission elecdt)n 
microscope, formation of numberless micro-cavities can be seen, and accordingly the 
porosity enlarges. The charge condition of die implanted ions is not particularly 
limited. The acceleration energy is set such dial die projection range correspomls to a 
depfli at which die ion implantation is desired. Depending on die unplantation amount, 
die size and die density of die micro-cavities to be formed are changed, but diey are 
approximately no less dian 1 x lO'Vcm^ and more preferably 1 x lO'Vcm^ When 
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setting the projection range deeper, channeling ion implantation may be employed. 
After the implantation, heat treatment is performed as necessary. In the case of the heat 
treatment atmosphere being oxidizing atmosphere, the pore walls are oxidized so that 
attention should be given to preventing the silicon region ftom being ali changed into 
sDicon oxide due to over oxidation. 

As shown in Fig. 19D, after abutting two support substrates 2858 and 
2859 and the surfaces of die non-porous thin fihns 2854 and 2855 of the first substrate 
with each other at room temperamre, they are bonded to each other through anode 
bonding, pressurization, heat treatment or a combination thereof. As a result, the three 
substrates are firmly coupled with each other. Alternatively, the bonding may be 
performed in five plies with insulating thin plates interposed therebetween. 

When single-crystal silicon is deposited, it is preferable to perform die 
bonding after oxidized silicon is formed on the surface of single-crystal silicon through 
thennal oxidation or the like. On die other hand, the support substrate can be selected 
from among a silicon substrate, a silicon substrate with a silicon oxide film formed 
thereon, a light transmittable substrate such as quartz, a sapphire substrate and the like, 
but not limited thereto as long as die surface serving for the bonding is completely flat. 
The bonding may be performed in three plies with an msulatuig diin plate interposed 
therebetween. 

Subsequendy, the substrates are divided at the ion-implanted layers 2856 
and 2857 in die porous silicon layers 2852 and 2853 (Fig. 19E). The structure of each 
of die two support substrate sides includes the porous silicon layer 2852, 2853, die non- 
porous thm fUm (for example, die single-crystal silicon layer) 2854, 2855 and die 
support substrate 2858, 2859. 

Further, die porous silicon layer 2852, 2853 is selecuvely removed. In 
case of die non-porous diin film being single-crystal silicon, only die porous silicon 
layer 2852, 2853 is subjected to the electroless wet chemical etching using at least one 
of die normal silicon etching liquid, hydrofluoric acid being die porous silicon selective 
etching liquid, a mixed liquid obtained by adding at least one of alcohol and aqueous 
hydrogen peroxide to hydrofluoric acid, buffered hydrofluoric acid, and a mixed liquid 
obtamed by adding at least one of alcohol and aqueous hydrogen peroxide to buffered 
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hydrofluoric acid, so that the film formed in advance on the porous layer of the first 
substrate remains on the suppon substrate. As described above in detail, only the 
porous silicon layer can be selectively etched using the normal silicon etching liquid due 
to the extensive surface area of porous silicon. Alternatively, the porous silicon layer 
5 2852, 2853 may be removed through selective polishing using die single-crystal silicon 
layer 2854, 2855 as a polishing stopper. 

In the case where the compound semiconductor layer is formed on the 
porous layer, only die porous silicon layer 2852. 2853 is subjected to chemical etchmg 
using the etching liquid which has die greater etching speed for silicon relative to the 
10 compound semiconductor, so Uiat die duckness-reduced single-crystal compound 

semiconductor layer 2854, 2855 remains on the insulating substrate. Alternatively, the 
porous silicon layer 2852, 2853 is removed dirough selective polishing using the single- 
crystal compound semiconductor layer 2854, 2855 as a polishing stopper. 

In Fig. 19F, die semiconductor substrates of the present invention are 
15 shown. On die support substrates, the non-porous diin films, such as the single-crystal 
silicon diin films 2854 and 2855, are formed in large area all over the wafer, flady and 
iiiufonnly reduced in thickness, so that the two semiconductor substrates are 
simultaneously formed. The semiconductor substrates thus obtained can be suitably 
used also in view of production of die insulated electronic elements. 

The first silicon single-crystal substrate 2851 can be reused as a first 
silicon single-crystal substrate 2851 after removing remaining porous silicon and after 
performing surface-flattening if the surface flatness makes it unusable. Alternatively, a 
non-porous thin fihn may be again formed widiout removing porous silicon so as to 
provide die substrate as shown in Fig. 19B, which is dien subjected to die processes 
shown in Figs. 19C to 19F. The suppon substrates 58 and 59 are not necessarily 
identical with each other. 

In a specific embodiment, any of the above surfaces can be treated to for 
smoodiing purposes. Here, die final silicon surface may often be rough and needs 
finishing. The present surface treatment process removes surface roughness from die 
surface of die porous layer or sUicon material. The film of silicon material is often 
rough and needs finishing. The rough surface for silicon wafers is often about two to 
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eight nanometers RMS or greater. This roughness often should be removed before 
fiinher processing. In a specific embodiment, the detached surface has a concentration 
of hydrogen bearing particles therein and thereon from the previous implanting step. 

To smooth or treat the surface, the substrate is subjected to thermal 
treatment in a hydrogen bearing environment. Additionally, the substrate is also 
subjected to an etchant including a halogen bearing compound such as HCl, HBr, HI, 
HF, and others. The etchant can also be a fluorine bearing compoimd such as SF^, 
CJF^. in preferred embodiments, the present substrate undergoes treatment using a 
combination of etchant and thermal treatment in a hydrogen bearing environment. In a 
specific embodunent, the etchant is HCl gas or the like. The thermal treatment uses a 
hydrogen etchant gas. In some embodiments, the etchant gas is a halogenated gas, e.g., 
HCl, HF, HI, HBr, SF6, CF4, NF3, and CCI2F2. The etchant gas can also be mixed with 
another halogen gas, e.g., chlorine, fluorine. The thermal treatment can be from a 
furnace, but is preferably from a rapid thermal processing tool such as an RTF tool. 
Alternatively, the tool can be an epitaxial chamber, which has lamps for rapidly heating 
a substrate. In an embodiment using a silicon wafer and hydrogen gas, the tool can heat 
the substrate at a rate of about 10 Degrees Celsius/second and greater or 20 Degrees 
Celsius/second and greater, depending upon the embodiment. 

In one embodiment, it is believed that the hydrogen panicles in the 
detached surface improves the surface smoothing process. Here, the hydrogen panicles 
have been maintained at a temperature where they have not diffused out of the 
substrate. In a specific embodiment, the concentration of hydrogen panicles ranges 
from about 10^' to about 5 X 10^ atoms/cm^. Alternatively, the concentration of 
hydrogen particles is at least about 6 X 10^* atoms/cm^. Depending upon the 
embodiment, the panicular concentration of the hydrogen particles can be adjusted. 

Still further in other embodiments, the present substrate undergoes a 
process of hydrogen treatment or implantation before thermal treatment purposes. 
Here, (he substrate, including the detached film, is subjected to hydrogen bearing 
panicles by way of implantation, diffusion, or any combination thereof- In some 
embodiments, where hydrogen has diffused out from the initial implant, a subsequent 
hydrogen treatment process can occur to increase a concentration of hydrogen in the 
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detached film. The present hydrogen treatment process can occur for substrates made 
by way of other processes such as those noted below. 

Moreover, the present technique for finishing the cleaved surface can use 
a combination of etchant, deposidon, and thermal treatment to smooth the cleaved fibn. 
Here, the cleaved fihn is subjected to hydrogen bearing compounds such as HCI, HBr, 
HI, HF, and others. Additionally, the cleaved film is subjected to for example, 
deposition, during a time that the film is subjected to the hydrogen bearing compounds, 
which etdi portions of the cleaved fitai. Using a silicon cleaved film for example, the 
dqx^idon may occur by way of a silicon bearing compound such as silanes, e.g., 
Si^ClyH^, SiH4, SiCl,, and other silicon compounds. Accordingly, the present method 
subjects the cleaved film to a combination of etching and deposition using a hydrogen 
bearing compound and a silicon bearing compound. Additionally, the cleaved surface 
undergoes thermal treatment while being subjected to the combination of etchant and 
deposition gases The thermal treatment can be from a furnace, but is preferably from a 
iBpid thermal processing tool such as an RTP tool. Alternatively, the tool can be an 
epitaxial chamber, which has lamps for rapidly heating a substrate. In an embodiment 
using a silicon wafer and hydrogen gas, the tool can heat the substrate at a rate of about 
10 Degrees Celsius/second and greater or 20 Degrees Celsius/second and greater, 
dq)ending upon the embodiment. 

An alternative embodiment wUl be described with reference to Figs. 20A 
to 20E. First, a single-crystal silicon substrate 2900 is anodized to form a porous 
silicon layer 2901 (Fig. 20A). In this case, a thickness to be rendered porous is in the 
range from several micrometers to several tens of micrometers on one surface layer of 
die substrate. It may be arranged to anodize the whole silicon substrate 2900. 

The method of forming porous silicon will be explained using Figs. 23A 
and 23B. First, as the substrate, a p-^e single-crystal sUicon substrate 3600 is 
prepared. An n-type may also be used. However, in this case, it is necessary that the 
substrate is limited to a low-resistance substrate or that the light is applied onto the 
surface of the substrate so as to facilitate generation of the holes. The substrate 3600 is 
set in an apparatus as shown in Fig. 23A. Specifically, one side of the subsuate is in 
contact with a hydrofluoric acid solution 3604 having therein a negative electrode 3606, 
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while the other side of the substrate is in contact with a positive metal electrode 3605. 
On the other hand, as shown in Fig. 23B, a positive electrode 3605' may also be 
provided in a solution 3604'. In any case, the substrate is first rendered porous from 
the negative electrode side abutting the hydrofluoric acid sohition. As the hydrofluoric 
acid solution 3604, concentrated hydrofluoric acid (49% HF) is used in general. As 
dihited by pure water (HjO), although depending on current values, etching occurs from 
a certain concentration so that it is not preferable. During anodization, bubbles are 
generated from the sur&ce of the substrate 3600. Alcohol may be added as a surface 
active agent for eficctive removal of the bubbles. As alcohol, methanol, ethanol, 
propanol, isopropanol or the like is used. Instead of the surface active agent, an 
agitator may be used to agitate the solution to achieve anodization. The negative 
electrode 3606 is made of a material, such as gold (Au) or platinum (Pi), which does 
not corrode relative to the hydrofluoric acid solution. A material of die positive 
electrode 3605 may be metal which is used in general. On the other hand, since the 
15 hydrofluoric acid sohition 3604 reaches the positive electrode 3605 when anodization is 
achieved relative to the whole substrate 3600, it is preferable to coat the surface of the 
positive electrode 3605 with a metal fihn which is resistive to the hydrofluoric acid 
solution. The maxim u m current value for anodization is several hundreds of mA/cm^, 
while the minimum current value therefor is arbitrary, other than zero. This current 
20 value is determined in range where die good-quality epitaxial growth is achieved on the 
surface of porous silicon. In general, as the current vahie iiicreases, the anodization 
speed increases and the densi^ of the porous silicon layer decreases. That is, the 
volume of the pores increases. This changes the condition of the epitaxial growth. 

On the porous layer 2901 thus formed, a non-porous single-crystal 
25 sDicon layer 2902 is epitaxially-grown (Fig. 20B). SubsequenUy, the surface of the 
epitaxial layer 2902 is oxidized (including thermal oxidation) so as to foim an SiO, 
layer 2903 (Fig. 20C). This is necessary because, if the epitaxial layer is directly 
bonded to the support substrate in the next process, impurities tend to segregate at the 
bonded interface and dangling bonds of atoms at the interface increase, which will cause 
the thin fihn device to be unusable. However, this process is not essential, but may be 
omitted in a device structure wherein such phenomena are not serious. The SiOa layer 
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2903 works as an insulating layer of the SOI substrate and should be fonned on at least 
one side of the substrate to be bonded. There are various ways to form of the insulating 
layer. 

Upon oxidation, a thickness of the oxidized film is set to a value which is 
5 Iree of contamination taken into the bonded interface from the atmosphere. 

Thereafter, the foregoing ion implantation is performed to form a layer 
with large porosity in the porous silicon layer 2901 . The substrate 2900 having die 

foregoing q>itaxial surface with the oxidized surface and a support substrate 2910 
having an SiOj layer 2904 on the surface are prepared. The support substrate 2910 may 
10 be a silicon substrate whose surface is oxidized (including thermal oxidation), quartz 
glass, crystallized glass, an arbitrary substrate with SiO^ deposited thereon, or the like. 
A silicon substrate without die SiOj layer 2904 may also be used as die support 
substrate. 

The foregoing two substrates are bonded togedier after cleaning diran 
15 (Fig. 20D). The cleaning is performed pursuant to the process of cleaning (for 

example, before oxidation) die normal semiconductor substrate. By pressurizing die 
whole substrate after the bonding, die bonding strength can be enhanced. 

Subsequendy, the bonded substrates are subjected to heat treami^. 
Aldiough die higher temperature is preferable for die heat treatment, if it is too high, 
die porous layer 2901 tends to cause struoural change or die impurities contained in die 
substrate tend to be diffused into die epitaxial layer. Thus, it is necessary to select 
teinpcrature and time which does not cause diese problems. Specifically, about 600 to 
1,100» C is preferable. On die odier hand, diere is such are substrates diat can not be 
subjected to Aennal treatment at die high temperamre. For example, in case of die 
siqiport substrate 2910 being made of quartz glass, it can be subjected to die ttiermal 
maament only at die temperamre no greater dian 200" C due to differences in die 
diennal expansion coefficients between silicon and quartz. If diis temperamre is 
exceeded, die bonded substrates may be separated or ruptured due to stress. The 
diennal treatment is sufficient as long as it can endure die stress upon grinding or 
etching of die bulk silicon 2900 performed in die next process. Accordingly, even at 



20 



wo 00/63965 PCTAJS00/I082] 

41 

the temperature no greater than 200*^ C, the process can be perfonned by opdmizing the 
surface processing condition for activation. 

Then, by the foregoing method, the substrates are separated into two at 
the porous silicon layer having the large porosity. The layer having the large porosity 
can be formed by altering current in the anodizadon. besides the ion implantation. 
Subsequently, the silicon substrate portion 2900 and the porous portion 2901 are 
selectively removed with the epitaxial layer 2902 remaining (Fig. 20E). In this fashion, 
the SOI substrate is obtained. 

The following processes may be added to the foregoing processes: 
(1) The tiiickness of the wall between the adjacent holes in the oxidized 
(preoxidation) porous silicon layer, i.e.. the pore internal walls of the porous layer, is 
very small, that is, several nanometers to several tens of nanometers. Thus, if the high- 
temperature process is applied to the porous layer upon formation of the epitaxial 
silicon layer or upon heat treatmmt after bonding, the pore wall may agglomerate and 
enlarge so that the pore wall may clog the pore and lower the etching speed. In view of 
this, after formation of the porous layer, a thin oxidized film is formed on the pore wall 
so as to suppress the enku-gemem of the pore wall. On the other hand, since it is 
necessary to epitaxially-grow the noih-porous single-crystal silicon layer on the porous 
layer, it is necessary to oxidize only the surface of the pore inner wall such that the 
monocrystalline property remains inside the pore wall of the porous layer. It is 
preferable that the oxidized film is in the range of several angstroms to several tens of 
angstroms. The oxidized film of such a thickness is formed through heat treatment in 
an oxygen aunosphere at the temperamre of 200** C to 700^ C, and more preferably 
250'*Cto500^ C. 

(2) Thermal Treatment and Etching 

In a specific embodiment, the present invention includes a method of 
applying a thermal treatment and etching to the surface or surfaces of the substrate for 
smoothing purposes. Here, small roughness on die silicon surface can be removed to 
obtain very smooth silicon surface. The combination of at least thermal treatment and 
etching can be performed, for example, after formation of the porous silicon layer and 
before formation of die epitaxial silicon layer. Apart from tiiis, the thermal treatment 
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and etching can be performed to the SOI substrate obtained after etching removal of the 
porous silicon layer. Through the thermal treatmeiu and etching process perfoimed 
before formation of the epitaxial sUicon layer, a phenomenon that the pore surface is 
closed due to migration of siUcon atoms forming the porous sUicon surface. When the 
5 epitaxial sUicon layer is formed in the state where the pore surface is closed, the 
epitaxial sUicon layer with fewer crystal defects can be achieved. On the other hand, 
through the thermal treatment and etching process performed after etching of the porous 
silicon layer, the epitaxial silicon surfece which was more or less roughened by etching 
can be smoothed out, and boron from the clean room inevitably taken into the bonded 
1 0 interface upon bonding and boron thermally diffused in the epitaxial silicon layer from 
the porous silicon layer can be removed. 

As previously noted, to smooth or treat the surface, the substrate is 
subjected to thermal treatment in a hydrogen bearing environment. Additionally, the 
substrate is also subjected to an etchant including a halogen bearing compound such as 
HCl. HBr, HI, HF, and others. The etchant can also be a fluorine bearing compound 
such as SF^, C,F,. In preferred embodiments, the present substrate undergoes treatment 
using a combination of etchant and thermal treatment in a hydrogen bearing 
environment, ha a specific embodiment, the etchant is HCl gas or die like. The 
thennal treatment uses a hydrogen etchant gas. In some embodiments, the etchant gas 
20 Kahalogenatedgas,e.g.,Ha,HF,Hl,HBr.SF6.CF4.NF3,andCCl2F2. Theetchant 
gas can also be mixed with another halogen gas. e.g.. chlorine, fluorine. The thermal 
treatment can be from a fiimace. but is preferably from a rapid thermal processing tool 
such as an RTF tool. Alteraathrely, the tool can be from an epitaxial chamber, which 
has lamps for rapidly heating a substrate. In an embodiment using a silicon wafer and 
hydrogen gas. die tool can heat the substrate at a rate of about 10 Degrees 
Celsius/second and greater or 20 Degrees Celsius/second and greater, depending upon 
the embodiment. 

In one embodiment, it is believed diat the hydrogen panicles in the 
detached surface improves die surface smoothing process. Here, the hydrogen particles 
have been maintained at a temperatare where they have not diffused out of die 
substrate. In a specific embodiment, the concentration of hydrogen particles ranges 
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from about 10^* lo about 5 X 10^ atoms/cm^. Alternatively, the concentration of 
hydrogen particles is at least about 6 X 1(F' atoms/cm^. Depending upon the 
embodiment^ the particular concentration of the hydrogen particles can be adjusted. 

Still further in other embodiments, the present substrate undergoes a 
process of hydrogen treatment or implantation before thermal treatment purposes. 
Here* the subsnrate» including the detached fihn, is subjected to hydrogen bearing 
particles by way of implantation, diffusion, or any combination thereof. In some 
embodiments, where hydrogen has diffused out from the initial implant, a subsequent 
hydrogen treatment process can occur to increase a concentration of hydrogen in the 
detached film. The present hydrogen treatment process can occur for substrates made 
by way of other processes such as those noted below. 

Moreover, the present technique for finishing the cleaved surface can use 
a combination of etchant, deposition, and thermal treatment to smooth the cleaved film. 
Here, the cleaved film is subjected to hydrogen bearing compounds such as HCl, HBr, 
HI, HF, and others. Additionally, the cleaved film is subjected to for example, 
deposition, during a time that the film is subjected to the hydrogen bearing compounds, 
which etch portions of the cleaved film. Using a silicon cleaved film for example, the 
dq>osition may occiur by way of a silicon bearing compound such as silanes, e.g., 
Si,ClyHj, SiH4, SiCl,, and other silicon compounds. Accordingly, the present method 
subjects the cleaved fibn to a combination of etching and deposition using a hydrogen 
bearing compound and a silicon bearing compound. Additionally, the cleaved surface 
undergoes tfiermal treatment while being subjected to the combination of etchant and 
deposition gases The thermal treatment can be from a fiimace, but is preferably from a 
r^id thermal processing tool such as an RTP tool. Alternatively, the tool can be from 
an epitaxial chamber, which has lamps for rapidly heating a substrate. In an 
embodiment using a silicon wafer and hydrogra gas, the tool can heat the subsdrate at a 
rate of about 10 Degrees Celsius/second and greater or 20 Degrees Celsius/second and 
greater, depending upon the embodiment. 

An alternative embodiment will be described with reference to Figs. 21 A 
to 21G. Numerals in Figs. 21A to 21G which are the same as those in Figs. 20A to 
20E represent the same portions in Figs. 20A to 20E. In the embodiment shown in 
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Figs. 20A to 20E, the surfaces of the two substrates to be bonded are the SiO, layer 
2903 and die SiO, layer 2904. However, bodi of Uxese surfaces are not necessarily die 
SiO, layers, but at least one of diem may be made of SiO,. In this preferred 
embodiment, die surface of an epitaxial silicon layer 3102 formed on a porous silicon 
5 layer is bonded to die surface of an oxidized film 3104 formed on a sflicon substrate 
3110, and die surface of an oxidized fihn 3103 formed by Uiennal oxidation of die 
surface of die epitaxial silicon layer 3102 is bonded to die surface of die silicon 
substrate 3110 which is not oxidized. In diis preferred embodiment, die odier processes 
can be performed as in die embodiment shown in Figs. 20A to 20E. 
^® ^ altemarive embodiment will be described widi reference to Figs. 22A 

ID 22G. Numerals in Figs. 22A to 22G which are die same as diose in Figs. 20A to 
20E represent die same portions in Figs. 20A to 20E. In diis preferred embodiment, a 
substrate bonded to a substrate formed widi an epitaxial silicon fihn is made of a glais 
material 3210. such as quartz glass or blue glass. In diis preferred embodiment, an 
epitaxial silicon layer 3102 is bonded to die glass substrate 3210. and an oxidized iifan 
3103 formed by diermal oxidation of die surfece of die epitaxial silicon layer 3102 is 
bonded to die glass substrate 3210. In diis piefeired embodiment, die odier processes 
can be performed as in die embodiment shown in Figs. 20A to 20E. 

Depending upon die embodiment, die present combination of diermal 
treatment and etching can be used to remove surfece roughness of any of die detached 
fUrns. The present invention can also use a combination of deposition, etching, and 
ttennal treatment for odier fihns m a porous fihn process. Furdier details of producing 
porous silicon materials are described m U.S. Patem No. 5.854.123. assigned to 
Canon Kabushiki Kaisha. 

In a specific embodiment, die sUicon-on-insulator substrate undergoes^a 
series of process steps for formation of integrated circuits diereon. These processing 
steps are described in S. Wolf. Silicon Processing for die VLSI Era (Volume 2). 
Uttice Press (1990). which is hereby incoiporated by reference for all purposes. 

Aldiough die above description is in terms of a silicon wafer, odier 
substrates may ako be used. For example, die substrate can be almost any 
monociystalline. polyciystalline. or even amorphous type substrate. Additionally, die 
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substrate can be made of m/V materials such as gallium arsenide. gaUium nitride 
(GaN). and others. The multi-layered substrate can also be used according to the 
present invention. TTie multi-layered substrate includes a silicon-on-insulator substrate, 
a variety of sandwiched layers on a semiconductor substrate, and numerous other types 
of substrates. Additionally, the embodiments above were generally in terms of 
providing a pulse of energy to initiate a controlled cleaving action. The pulse can be 
replaced by energy that is scanned across a selected region of the substrate to initiate the 
controlled cleaving action. Energy can also be scanned across selected regions of the 
substrate to sustain or maintain the controlled cleaving action. One of ordinary skill in 
the an would easily recognize a variety of alteratives, modifications, and variations, 
which can be used according to the present invention. 
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SMOOTHING METHOD USING THERMAL TREATMENT 

According to yet another embodiment of the present invention, a diin 
iihn in a monocrystalline silicon wafer is produced with the aid of H+ ion 
implantations. The implantation of H+ ions (e.g.. protons) at 150 keV in a 
monociystalline silicon wafer, whose surface corresponds to a principle crystallographic 
plane, e.g.. a 100 plane, leads in die case of weak implantation doses ( < 10'* 
atoms/cm ^) to a hydrogen concentration profile C as a fimction of tiie depth P having a 
concentration maximum for a depth Rp. as shown in a diagram of Fig. 24. In the case 
of a proton implantation in silicon. Rp is approximately 1.25 micrometers. This 
diagnm, is merely an illustration which should not limit the scope of the claims herein. 
One of ordinary skill in tiie art would recognize many variations, alternatives, and 
modifications. 

For doses of approximately 10'* atoms/cm ^ the implanted hydrogen 
atoms start to form bubbles, which are distributed in the vicmity of a plane parallel to 
the surface. The plane of the surface corresponds to a principal crystallographic plane 
and die same applies with respect to the plane of flie microbubble?. which is 
consequentiy a cleaving plane. 

For an implanted dose of > 10'* atoms/cm ^ (e.g. 5 x 10'* atoms/cm »). 
it is possible to thermally trigger the coalescence between die bubbles inducing a 
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Cleaving into two parts of the silicon, an upper 1.2 micrometer thick fibn (the thin film) 
and the mass of the substrate. Hydrogen implantation is an advantageous example, 
because the braking process of said ion in silicon is essentially ionization (electronic 
braking), the braking of the nuclear type with atomic displacements only occurring at 
the end of the range. This is why few defects are created in the surface layer of the 
silicon and die bubbles are concentrated in the vicmity of the depth Rp (depth of the 
concentration maximum) over a limited duckness. This makes it possible to obtain the 
necessary efficiency of die mediod for moderate implanted doses (5 x 10" atoms/cm ') 
and, following die separation of die surface layer, a surfece having a limited roughness, 
but such roughness should be taken out before die manufecture of integrated circuits. 
The use of die process according to die invention makes it possible to choose die 
diickness of die dun fitoi wiUiin a wide duckness range by choosing die implantation 
eneigy. This properly is more important as die implanted ion has a low atomic number 
z. 

*^ P^S- 25 shows die semiconductor wafer 3701 optionally covered widi an 

encapsulating layer 3710 subject to an ion bombardment 3702 of H+ ions dirough die 
planar £ice 3704. which is parallel to a principal ciystallographic plane. This diagram 
is merely an illustration which should not limit the scope of die claims herein. One of 
ordinary skill in die art would recogmze many variations, alternatives, and modifications. 
It Is possible to see die microbubble layer 3703 parallel to die face 3704. The layer 
3703 and die fece 3704 define the dun mm 3705. The remainder of die semiconductor 
substrate 3706 constinites die mass of die substrate. 

Fig. 26 shows a sunplified diagram of die stiffener 3707 which is brought 
into mtimate contact widi die face 3704 of die semiconductor wafer 3701 . ITiis diagiam 
is merely an illustration which should not limit die scope of die claims herein. One of 
ordinaiyjddU in die art would recognize many variations, alternatives, and modifications. 
In an interesting embodiment of die invention, ion impkmtation in die material takes 
place dirough a diermal silicon oxide encapsulating layer 3710 and die stiffener 3707 is 
constinited by a silkon wafer covered by at least one dielectric layer. Anodier 
embodiment uses an electrostatic pressure for fixing die stiffener to die semiconductor 
material. In diis case, a silicon stiffener is chosen having an e.g. 5000 Angstrom diick 
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sUicon oxide layer. The planar face of the wafer is brought into contact with the oxide 
of the stiffener and between the wafer and the siiffener is applied a potential difference 
of several dozen volts. The pressures obtained are then a few 10* to 10* Pascal. 

Fig. 27 shows a sfanplified diagram of the fihn 3705 joined to the 
stiffener 3707 separated by the space 3708 from the mass of the substrate 3706. This 
diagram is merely an illustration which should not limit the scope of the claims herein. 
One of ordinary skill in the art would recognize many variaUons, alternatives, and 
modifications. The diagram shows that the fibn is separated from the mass of the 
substrate. The surface of the fihn is generally rough and often requires additional 
processing. 

Fig. 28 is a simplified diagram of a removed film attached to a stiffener 
according to an embodiment of the present invention. This diagram is merely an 
illustration which should not limit the scope of the claims herein. One of ordinary skill in 
the art would recognize many variations, alternatives, and modifications. The film has an 
upper cleaved surface 3709, which generally has a certain roughness. The roughness is 
often greater than that which is generally acceptable for manufacturing integrated 
cucuits. In sUicon wafers, for example, the surface roughness can be greater than 
about 10 nanometers root mean square (-RMS") or greater. Alternatively, the surface 
roughness is about 2-8 nanometers root mean square and greater. During the cleaving 
process, most of the hydrogen has escaped. However, it is possible that a portion of the 
hydrogen, even a substantial portion of the hydrogen remain in the detached film. In 
some embodiments, the roughness can be polished by way of mechanical processes such 
as chemical mechanical planarization. touch polishing, and the like. Alternatively, the 
mechanical polishing process can be used alone or even combined with chemical 
processes, which will be described more fiilly below. 

Fig. 29 is a simplified diagram of a smoothed film attached to a stiffener 
according to an embodiment of the present invention. This diagram is merely an 
example, which should not limit the scope of the claims herein. One of ordinary skill in 
the art would recognize many other variations, alternatives, and modifications. To 
smooth or treat surface 3709, the substrate is subjected to thermal and chemical 
treatment 3713. In panicular. the substrate is also subjected to an etchant including a 
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halogen bearing compound such as HCl. HBr. HI. HF. and others. The etchant can 
also be a fluorine bearing compound such as SF<, C,F 

In preferred embodiments, the present substrate undergoes treatment 
using a combination of eichant and thermal treatment in a hydrogen bearing 
environment. In a specific embodiment, the etchant is HCJ gas or the like. The 
thennal treatment uses a hydrogen etchant gas. to some embodiments, the etchant gas 
is a halogenated gas. e.g.. HQ. HF. HI. HBr. SF„ CF.. NF3, and CC1.F,. n,c etchant 
gas can also be mixed with another halogen gas. e.g.. chlorine. Ouorine. The thermal 
treatment can be from a fimiace. but is preferably from a rapid thermal processing tool 
such as an RTF tool. Alternatively, the tool can be from an epitaxial chamber, which 
has bmps for rapidly heating a substrate. In an embodiment using a silicon wafer and 
hydrogen gas. the tool can heat the substrate at a rate of about 10 Degrees 
Celshis/second and greater or 20 Degrees Celsius/second and greater, depending upon 
the embodiment. 

J5 In one embodiment, it is beheved that the hydrogen panicles In the 

detached surface improves the surface smoothing process. Here, the hydrogen particles 
have been maintained at a temperature where they have not diffused out of the 
substrate. In a specific embodiment, the concentration of hydrogen particles ranges 
from about 10^' to about 5 X 10«atoms/cm\ Alternatively, the concentration of 
20 hydrogen particles is at least about 6X10^' atoms/cm'. Dependmg upon the 

embodiment, the particular concentration of the hydrogen particles can be adjusted. 

Still fimher in other embodiments, the present substrate undergoes a 
process of hydrogen treatment or implamation before thennal treatment purposes. 
Here, the substrate. inchKiing the detached fihn. is subjected to hydrogen bearing 
panicles by way of implantation, diffusion, or any combination thereof In some 
anbodimen^s. where hydrogen has diffused out from the initial implant, a subsequent 
hydrogen treatmem process can occur to increase a concentration of hydrogen in the 
detached fihn. A fmished wafer after smoothing or surface treatment is shown in the 
Fig. Here, the finished wafer includes a substantially smooth surface 3711. which is 
30 generally good enough for die manufacture of integrated circuits widiout substantial 
polishing or the Uke. 
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Moreover, the present technique for finishing the cleaved surface can use 
a combination of etcham. deposition, and thennal treatment to smooth the cleaved fihn. 
Here, the cleaved fihn is subjected to hydrogen bearing compounds such as HQ, HBr.. 
HI. HF, and others. Additionally, the cleaved film is subjected to for example. 
5 deposition, during a time U«t the fihn is subjected to the hydrogen bearing compounds, 
which etch portions of the cleaved fihn. Using a silicon cleaved film for example, the 
deposition may occur by way of a silicon bearing compound such as silanes. e.g.. 
Si.CI,^. SiH,. SiCI,, and other silicon compounds. Accordingly, the present method 
subjects the cleaved fihn to a combination of etching and deposition using a hydrogen 
10 bearing compound and a silicon bearing compound. AdditionaUy. the cleaved surface 
undergoes thermal treamiem while being subjected to the combination of etcham and 
deposition gases The thermal treatmem can be from a furnace, but is preferably from a 
rapid thermal processing tool such as an RTP tool. Alternatively, the tool can be Irom 
an epitaxial chamber, which has lamps for rapidly heating a substrate. In an 
embodimem using a silicon wafer and hydrogen gas. the tool can heat the substrate at a 
rate of about 10 Degrees Celshis and greater or 20 Degrees Celsius and greater. 
dependu« upon the embodunent. The temperanire can be maintamed at about 1000 to 
about 1200 Degrees Celsius and greater. The substrate can also be mamtamed at a 
pressure of about 1 atmosphere, but is not limiting. 

In a further embodimem. die presem method can also include an epitaxial 
deposition 5tep foUowmg the smoothing step. The deposition step can form epitaxial 
silicon or other materials overlying the fihn. In a specific embodimem, the silicon^n- 
insulator substrate undergoes a series of process steps for formation of mtegrated 
Circuits thereon. These processing steps are described in S. Wolf. Sflicon Processmg 
for the VLSI Era (Volmne 2). Lattice Press (1990). which is hereby incorporated by 
refi^ence for all purposes. 

Although the above has been generally described m terms of a PUI 
system, the presem invention can also be applied to a variety of oflier plasma systems. 
For example, the presem invention can be applied to a plasma source ion implantation 
system. Alteinatively, die presem invention can be applied to almost any plasma 
system where ion bombardment of an exposed region of a pedestal occurs. 
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Accoidingly. the above description is merely an example and should not limit the scope 
of the claims herein. One of ordinary skill in the an would recognize other variations, 
alternatives, and modifications. 

While the above is a full description of the specific embodiments, various 
modifications, alternative constructions and equivalents may be used. Therefore, tiie 
above description and iUustrations should not be taken as limiting the scope of the 
present invention which is defined by the appended claims. 
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WHAT IS CLAIMED IS: 

J I . A method of fabricating a substrate, said method comprising 

2 providing a donor substrate comprising an upper surface; 

introducing a plurality of particles through said upper surface and into said 
donor substrate to a selected depth beneath said upper surface to define a thickness of 
material of said donor substrate from said upper surface to said selected depth, said 

6 plurality of particles being defined by a distribution along said selected depth; 

7 introducing energy to said donor substrate to initiate a cleaving action to 

8 free said thickness of material from said donor substrate to defme a cleaved surface from 

9 said donor substrate, said cleaved surface comprising a surface roughness of a 

10 predetemnined value and comprising a portion of said distribution of said plurality of 

1 1 particles; and 

applying a combination of thermal treatoient and an etchant to said cleaved 

13 surface and said portion of said distribution of said plurality of particles to reduce said 

14 surface roughness of said predetermined value. 

1 2. The method of claim I wherein said thermal treatment increases a 

2 temperature of said cleaved surface to about 1 .000 Degrees Celsius and greater. 

J 3. The metiiod of claim 1 wherein said plurality of particles comprise 

2 a hydrogen bearing species. 

J 4. The method of claim 1 wherein said reduced predetermined value 

2 is less flian about 1 nanometers root mean square. 

* 5. The mefliod of claim I wherein said etchant comprising a halogen 

2 bearing compound is selected from at least Cb, HCI, HBr, HI, and HF. 

1 6. The metiiod of claim I wherein said etchant comprises a fluorine 

2 bearing compound. 



1 

2 



7. A method of fabricating a substrate, said metiiod comprising 
providing a silicon substrate comprising an upper surface; 
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3 introducing a plurality of particles through said upper surface and into said 

4 donor substrate to a selected depth beneath said upper surface to define a thickness of 

5 material of said donor substrate from said upper surface to said selected depth, said 

6 plurality of particles being defined by a distribution along said selected dcplh; 

7 introducing energy to said donor substrate to initiate a cleaving action to 

8 free said thickness of material from said donor substrate to define a cleaved surface from 

9 said donor substrate, said cleaved surface comprising a surface roughness of a 

1 0 predetermined value and comprising a portion of said distribution of said plurality of 

1 1 particles; and 

*2 applying a combination of thermal treatment using rapid thermal 

13 processing and an etchant comprising a hydrogen bearing compound to said cleaved 

14 surface and said portion of said distribution of said plurality of particles to reduce said 

1 5 surface roughness of said predetermined value. 

1 8. The method of claim 7 wherein said applying further comprising 

2 applying a film to said cleaved surface. 

1 9. A semiconductor substrate producing method comprising: 

2 forming a first porous silicon layer on at least one surface of a silicon 

3 substrate; and 

4 forming a second layer having a larger porosity than the first porous 

5 sih'con layer at a constant depth from a surface of said porous silicon in said first porous 

6 silicon layer, said second layer forming step comprising implanting ions into said first 

7 porous silicon layer with a given projection range; 

8 bonding said non-porous layer and a support substrate together, 

9 separating said silicon substrate into two portions at said second layer to 

1 0 remove the porous silicon layer exposed on a sur&ce of said support substrate and 

1 1 exposing said non*porous layer, and 

* 2 smoothing the non-porous layer by subjecting surfaces of the non-porous 

13 layer using an etchant species and thermal treatment 

1 1 0. The semiconductor substrate producing method according to claim 

2 9 further comprising a non-porous layer forming step for forming a non-porous layer on a 

3 surface of said first porous layer before said ion implanting step. 
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1 11. The semiconductor substrate producing method according to claim 

2 29 wherein said non-porous layer is made of single-crystal silicon having an oxidized 

3 silicon layer on a surface to be bonded. 

1 1 2. A semiconductor substrate producing method comprising: , 

2 forming on a surface of a silicon substrate a first porous sihcon layer; 

3 implanting ions into the first porous silicon layer to fonn a second porous 

4 silicon layer having a porosity higher than the first porous silicon layer at a constant depth 

5 from a surfcice of the first porous silicon layer; 

6 forming a non-porous monocrystalline semiconductor layer on the first 

7 porous silicon layer; 

8 bonding the non-porous monocrystalline semiconductor layer located on 

9 the silicon substrate to another substrate; 

10 separating the silicon substrate and the other substrate at the second porous 

1 1 silicon layer so that the non-porous monocrystalline semiconductor layer remains on the 

12 other substrate; and 

13 applying a combination of thermal treatment and an etchant to a surface of 

14 the non-porous monocrystalline semiconductor layer to reduce a surface roughness to a 

15 predetermined value. 

1 13. The method of claim 12 wherein the thermal treatment increases a 

2 temperature of the to about 1,000 Degrees Celsius and greater. 

1 14» The method of claim 12 wherein the temperature increases is about 

2 10 Degrees Celsius per second and greater. 

1 15. A method for the preparation of thin semiconductor material films» 

2 wherein the process comprises subjecting a semiconductor material wafer having a 

3 planar face and whose plane^ is substantially parallel to a principal crystallographic plane, 

4 the method comprising: 

5 implanting by ion bombardment of the face of said wafer by means of ions 

6 creating in the volume of said wafer at a depth close to the average penetration depth of 

7 said ions, a layer of gaseous microbubbles defining in the volume of said wafer a lower 

8 region constituting a majority of the substrate and an upper region constituting the thin 

9 fihn, the temperatiue of the wafer during implantation being kept below the temperature 
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10 at which the gas produced by the implanted ions can escape fix>m the semiconductor by 

1 1 diffusion; 

* 2 contacting the planar face of said wafer with a stiifener constituted by at 

1 3 least one rigid material layer; 

treating the assembly of said wafer and said stiflfcner at a temperature 

1 5 above that at which the ion bombardment takes place and adequate to create by a 

1 6 crystaUine rearrangement effect in the wafer and a pressure effect in the microbubbles, a 

17 separation between the thin fihn and the majority of the substrate, the stiffener and the 

1 8 planar face of the wafer being kept in intimate contact during said stage to free the thin 

19 film from the majority of the substrate; and 

2® applying a combination of theraial treatment and an etchant to said thin 

21 fihn to reduce a surface roughness of said thin film to a predetermined value. 

1 16. The method of claim 15 wherein said ions are derived from 

2 hydrogen gas. 

1 17. The method of claim 15 wherein said predetermined value is less 

2 than about 1 nanometers root mean square. 

1 18. The method of claim 15 wherein said predetermined value is less 

2 than about 0. 1 nanometer root mean square. 

J 1 9. The method of claim 1 5 wherein said etchant comprising a halogen 

2 bearing compound is selected fix>m at least Cb, HCl, HBr, HI, and HF. 

1 20. The method of claim 1 5 wherein said etchant comprises a fluorine 

2 bearing compound. 
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